BEST AVAIUBLE CX)PY 

REMARKS 

Applicant gratefully acknowledges the courtesy shown by Examiner McGaw and 
Supervisory Patent Examiner (SPE) Housel in the telephonic interview with inventor Christian 
Mxinz, Attorney Paul Fehlner and the undersigned of Darby & Darby on March 18, 2005. During 
the interview, the rejections under 35 U.S.C. § 103(a) were discussed. SPE Housel indicated that 
the Office would consider claim amendments that clarify the invention, i.e., to recite that the 
dendritic cell is capable of eliciting an immune response to EBV-infected cells. 

Status of the Claims 

Claims 35 and 37-39 are pending. Claims 1-34, 36, and 40-45 have been canceled without 
prejudice as drawn to a non-elected invention. Claim 35 has been amended to include the limitation 
"capable of eliciting an immune response to EBV-infected cells." Support for this claim amendment 
can be found in the specification at, for example, page 3, line 25 to page 4, line 1 ; page 9, lines 8-15; 
page 10, lines 12-16; page 10, line 30 to page 11, line 4; page 12, lines 2-5; page 33, line 16 to page 
34, line 16; and page 35, line 24 to page 44, line 19. Such an immune response is seen through cell 
lysis in in vitro assays (specification, page 35 , line 24 to page 44, line 30). 

Claim Rejections Under 35 U.S.C. S 103 

The Examiner has maintained the rejection of claims 35 and 37-39 under 35 U.S.C. § 103(a) 
as obvious over Wong et al., J hnmunother. 1998;21(l):32-40 ("Wong") in view of Khanna et al, 
Immuno Rev. 1999;170:49-64 ("Khanna 1999") and/or Khanna et al., Litem Immun. 
1997;9(10):1537-1543 ("Khanna 1997"). 
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The Examiner contends that Wong discloses a method in which a dendritic cell contacted 
with the EBV latent antigen LMP2a eUcited a robust memory cytotoxic T-lymphocyte ("CTL") 
response. 

The Examiner contends that Khanna 1997 and Khanna 1999 disclose that CTLs sensitized 
with EBNA-1 efficiently recognize EBV-transformed B cells. According to the Examiner, Khanna 
discloses that "EBNA-1 can be processed via the exogenous pathway ultimately leading to 
presentation through MHC class II molecules to CD4+ T cells" (Office Action, page 3). 

Rickenson was cited to show that there are three predominant EBV latency proteins: LMPl, 
LMP2 and EBNA-1 (Office Action, page 5). 

According to the Examiner, one of ordinary skill in the art would have been motivated to 
substitute EBNA-1 for LMP-2a in the teachings of Wong because it was widely recognized that 
EBNA-1 is one of the primary EBV latency-associated antigens. Further, according to the 
Examiner, priming CTLs with EBNA-1 pulsed dendritic cells "would be an effective strategy to 
generate a CTL response to EBV-transformed B cells through their expression of EBNA-1 during 
latency" (Office Action mailed July 16, 2004, pages 4-5). The Examiner concludes that one of 
ordinary skill in the art would have "expected to be able to make" an EBV-protective dendritic cell 
by substituting EBNA-1 for LMP2 because the technique for creating antigen-pulsed dendritic cells 
was well established and Wong discloses methods for making such cells using EBV latency- 
associated antigens. Id, at 5. 

This rejection under 35 U.S.C. § 103(a) should be withdrawn because while it is possibly 
true that one of ordinary skill in the art would have wanted to develop an immune response to cells 
that express EBNA-1 as a result of EBV infection, the art of record, and the state of the art prior to 
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this invention, led away from such a modification. Thus, there was no motivation to substitute 
EBNA-1 for LMP2a in the LMP2a-contacted dendritic cell according to Wong. 

A feature of a vaccine for humans is its ability to elicit immunity to a natural pathogen. 
Eliciting ineffective immune responses in humans borders on the unethical; certainly there is no 
motivation to do it. Thus, the claimed method of treating human dendritic cells depends on the 
ability of those cells to elicit an immune response against EBV infected target cells. See, e.g., 
specification, page 12, lines 2-5 ("The present invention provides . . . immunotherapy using EBNA-1 
charged dendritic cells to prevent or treat EBV infection.") 

With these principles in mind, the Examiner's rejection foxmders on three basic premises. 
First, the prior art taught that EBNA-1 -specific cytotoxic T-cells would only recognize cells charged 
with an artificial EBNA-1 construct, that they did not recognize a cell naturally infected with EBV. 
This fact alone defeats obviousness because it leads away fi-om the invention and shows the failure 
of others. In particular, based on the prior art teaching, there is no reason to charge human dendritic 
cells with EBNA-1 ex vivo. Second, EBNA-1 is expressed inside the cell, so anti-EBNA-1 
antibodies are not protective, i.e., they do not clear up the EBV infection. Furthermore, even if 
EBNA-1 were part of the viral envelope (it is not), there are no viral particles and thus no viral 
envelope in latent infections. Anti-EBNA-1 antibodies are, as discussed during the interview, 
merely artifacts. Finally, there is no basis, as the Examiner conceded, for using EBNA-1 as some 
sort of immunostimulatory molecule to potentiate an immune response to some other antigen. 

A dendritic cell contacted with the EBV latent antigen LMP2a may elicit a robust memory 
cytotoxic T-lymphocyte CTL response able to target, e.g., lyse in vitro, EBV-infected cells, but there 
is no disclosure or suggestion in any of the references that an EBNA-1 -contacted dendritic cell 
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would elicit such a response. The motivation to contact a human dendritic cell with an antigen is to 
elicit an immune response in a human host. In the case of EBNA-1, the immune response would 
need to be directed against target cells, which are B-cells infected with Epstein Barr virus (EB V) 
expressing EBNA-L The CTLs disclosed in the Khanna publications do not recognize EBV- 
infected target cells unless those cells are exogenously stimulated with recombinant EBNA-1 . Of 
course, an EBV-infected cell is not exposed to exogenous recombinant EBNA-1 in a host.^ Thus, 
there would have been no motivation to contact a dendritic cell with EBNA-1 in order to stimulate 
EBNA-1 specific responder cells, which could not have been expected to produce an EBV-specific 
immune response because they were found not to recognize natural EBV infected B-cells. 

According to Khanna 1997 and Khanna 1999, EBNA-1 -specific CTLs do not recognize B 
cells infected with EBV as the infection occurs in nature. For example, Khanna 1999 discloses that 
in an "[ejxtensive analysis of CTL responses in a large panel of healthy virus carriers.... no reactivity 
towards EBNAl was detected. . ." (Khanna 1999, page 5 1) (emphasis added). Khanna 1999 states 
that the glycine-alanine repeat sequences within EBNAl have an inhibitory effect on endogenous 
processing of EBNAl through the class I pathway, which "may on occasion be overridden in vivo, 
since... EBNAl -specific CTLs have been detected in healthy virus carriers. Interestingly, these 
EBNAl -specific CTLs can only recognize LCLs to which recombinant EBNAl protein has been 
supplied exogenously (Khanna 1999, page 51) (emphasis added). Thus, Khanna 1999 teaches that 
CTLs would only recognize target cells to which a recombinant EBNA-1 construct has been 
supplied. Similarly, Khanna 1997 discloses "that although EBV-infected, HLA-DRl -positive B cells 

* Furthermore, it would be absurd to introduce modified EBNA-1 into the host to elicit an immune response to EBV- 
infected cells since there is no way to ensure that the EBV-infected cells would preferentially take up and present the 
modified EBNA-1 construct. Thus, the result would be generalized inflammation with no particular effect on EBV 
infection. 
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were not recognized by the EBNAl -specific CTL clone DM2, exogenous sensitization of these cells 
with either the AcEBNAl [a baculovirus construct, which expresses EBNAl, see Khanna 1997 at 
1538] protein or the EINX protein [truncated EBNAl antigen, see Khanna 1997 at 1538] 
completely restored the immune recognition by these CTL" (Khanna 1997 at 1539, 2"^ column). 

In contrast, the instant specification discloses EBNA-1 specific T-cell recognition of EBV- 
infected B-cells, as the infection occurs in nature. CD4+ T cell lines recognized dendritic cells that 
were infected with a vaccinia virus EBNA-1 construct (specification, page 42, lines 16-17), and 
EBNA-1 specific T-cells recognized (specification, page 43, lines 10-11) and killed (specification, 
page 44, hues 12-19) EBV-transformed B-cells. These findings have been confirmed by 
independent laboratories subsequent to the fiHng of the instant application. For example, Fu et aL 
disclose that: "vaccination of mice with EBNAl peptide-loaded DCs can elicit CD4+ T cell 
responses. These EBNAl -specific CD4+ T cells recognized peptide-pulsed targets as well as 
EBNAl -expressing tumor cells and were necessary and sufficient for suppressing tumor growth in 
vivo'' (Fu et aL, J Clin Invest. 2004;1 14(4):542-550, abstract; attached as Exhibit 1). 

To summarize, none of the references disclose or suggest that EBNA-1 -specific responder T- 
cells result in an immune response to EB V-infected B-cells. The Khanna references disclose T-cell 
recognition of EB V-infected B-cells only z/the cells are stimulated with exogenous recombinant 
EBNA-1. EBV infection in nature does not involve stimulation by exogenous, recombinant protein. 
The reason to load a human dendritic cell ex vivo with an antigen is to use the loaded dendritic cell 
to produce an immune response effective to treat to the condition (infection) associated with the 
antigen. According to the references, EBNA-1 antigen does not result in an immune response 
effective to treat a natural EBV infection. Thus, one of ordinary skill in the art would have had no 
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motivation to remove a dendritic cell from a human and load it with an antigen (EBNA-1). The 
motivation to load a dendritic cell with EBNA-1 was provided only upon the discovery disclosed in 
the present specification that EBNA-1 -specific T-cells lyse EBV-transfected B-cells. 

The Examiner contends, in a statement that is not supported by the references, that an 
EBNA-1 loaded dendritic cell 'Vould stimulate an antibody response to EBNAl, which would 
constitute an immune response against EBV" (Office Action, page 6). This is not the case as 
EBNA-1 is expressed inside the cell. See Reedman, B.M. and Klein, G., Int J Cancer. 1973; 1 1, 499- 
520 (first proposing that this nuclear antigen be referred to as "EBNA," see page 517) (copy 
attached as Exhibit 2); Kieff, E. and Rickinson, A., Fields Virology, (D.M. Knipe and P. M. Howley 
eds., 2001) at 2529 (copy attached as Exhibit 3). Thus, anti-EBNA-1 antibodies do not elicit an 
immune response to EBV-infected cells. See Kieff and Rickinson at 2583 (Exh. 3). Further, EBNA- 
1 is not part of the viral envelope and, therefore, anti-EBNA-1 antibodies could not elicit an immune 
response to Epstein Barr viral particles. See Kieff and Rickinson at 2583 (Exh. 3). Even if the 
antibodies could elicit such an immune response, there are no viral particles in latent infections. 

The Examiner also asserts in an unsupported statement that "such a dendritic cell would 
produce chemokines, cytokines and IFN-o&^B . . . [which] would presumably enhance the CTL 
response against other EBV peptides such as LMPl and LMP2" (Office Action page 6). This is 
speculative at best. The references do not disclose or suggest such a role for EBNA-1 charged 
dendritic cells. The Examiner has not met his burden to show that this role for an EBNA-1 charged 
dendritic cell was known in the art at the time of filing, or that if it was known, it would have 
suggested the invention. Subsequent to filing, it was established that cytokines clearly did not have 
such a role: "[WJhile cytokine expression reflects the differentiation and activation state of the 
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[CD4+ T-cell] clones [reactive to EBNA-1] and helps to classify them, the secreted cytokines 
themselves are not likely to be essential effector mechanisms" (Nikiforow et al, J Virol. 
2003;77(22):12088-12104; 12099-12100, attached as Exhibit 4). 

In a third imsupported statement, the Examiner contends that the motivation to combine the 
references was present because "CD4+ and CD8+ EBNAl -specific CTL populations would be 
increased by the EBNAl contacted cells," which would be "desirable." (Office Action, pages 6-7). 
As discussed above, the references do not provide any motivation to contact a human dendritic cell 
with EBNA-1 because there was no disclosure or suggestion that it would expand a CD4+ 
population, much less that expanding a CD4+ population would result in an immune response to 
naturally infected EBV cells. Nor do the references disclose or suggest that expanding a CD8+ 
population would result in such an immune response. In fact, it was subsequently shown that CD8+ 
cells do not have this effect: "EBNAl positive tumor cells [are] invisible to the host CD8+ T cells" 
(Fu et ai, page 542, Exh. 1). 

The Examiner contends that the dendritic cells disclosed in the Khanna references, in 
combination with Wong, render the instant claims obvious because: "[i]t is also possible that the 
CD4+ T cells may be directly involved in the lysis of EBNAl expressing cells." No reference, or 
combination of references, disclosed or suggested T-cell recognition and lysis of EBV-infected cells 
as they exist in a human. This was first disclosed in the instant specification. For example, "[t]he 
nuclear antigen EBNA-1 is repeatedly recognized by CD4+ T cells from healthy adults. The CD4+ 
T cells are capable of proliferation, cytokine secretion and cytolytic activity" (specification, page 44, 
lines 20-23). This discovery, which was made as part of the present invention and is not in the prior 
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art, leads to the claimed invention, to charge a human dendritic cell ex vivo with EBNA-1 . See, 
specification, page 35, line 24 to page 44, line 30. 

Accordingly, the rejections under 35 U.S.C. § 103(a) should be withdrawn. 

Conclusioii 

No new matter has been added. All of the pending claims in this application are believed to 
be in condition for allowance. Entry and consideration of these amendments and remarks are 
therefore respectfully requested. 



Respectfully submitted. 



Dated: April 13, 2005 By_ 



Paul M. 

Registration No.: 52,392 
DARBY & DARBY P.C. 
P.O. Box 5257 

New York, New York 10150-5257 
(212) 527-7700 
(212) 753-6237 (Fax) 
Attorneys/Agents For Applicant 
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Research article 

Critical role of EBNA1 -specific 
CD4+ T cells in the control 
of mouse Burkitt lymphoma in vivo 

Tlhui Fu, Kui Shin Voo, and Rong-Fu Wang 

The Center for Ceil and Gene Therapy and Department of Immunology, Baylor College of Medicine, Houston, Texas, USA. 

CD4* T cells play important roles in orchestrating host immune responses against cancer and infectious dis- 
eases. Although EBV-encoded nuclear antigen l-speci£ic (EBNAl-specific) CD4* T cells have been implicated 
in controlling the growth of EBV-associated tumors such as Burkitt lymphoma (BL) in vitro, direct evidence 
for their in vivo function remains elusive due to the lack of an appropriate experimental BL model. Here, we 
describe the development of a mouse EBNAl-expressing BL tumor model and the identification of 2 novel 
MHC H-2I-A''-restrictcd T cell epitopes derived from EBNAl. Using our murine BL tumor model and the 
relevant peptides, we show that vaccination of mice with EBNAl peptide-loaded DCs can elicit CD4* T cell 
responses. These EBNAl-specific CD4* T cells recognized peptide-pulsed targets as well as EBNAl -express- 
ing tumor cells and were necessary and sufficient for suppressing tumor growth in vivo. By contrast, EBNAl 
peptide-reactive CD8^ T cells failed to recognize tumor cells and did not contribute to protective immunity. 
These studies represent what we believe to be the first demonstration that EBNAl-specific CD4* T cells can 
suppress tumor growth in vivo, which suggests that CD4* T cells play an important role in generating protec- 
tive immunity against EBV-associated cancer. 

Introduction 

EBV is a human gammaherpesvirus with tropism for B cells and 
has been associated with several types of malignant tumors, includ- 
ing Burkitt lymphoma (BL), post-transplant lymphoproliferative 
disorder (PTLD), nasopharyngeal carcinoma (NPC), and Hodgkin 
disease (HD) (1-3). Although a subset of genes is responsible for 
the growth-transforming function of EBV, EBV-encoded nuclear anti- 
gen 1 (EBNAl) is the only viral gene that is regularly detected in all 
EBV-associated tumors (BL, NPC, PTLD, and HD) and is required 
for the long-term persistence of EBV as well as the pathogenesis of 
EBV-associated cancers (3-5). Increasing evidence indicates that T 
cell responses to EBNAl are important in controlling EBV infec- 
tion (3, 6, 7), which suggests that EBNAl is an important target for 
immunotherapy of EBV-associated malignancies. 

However, the presence of the glycine and alanine repeat (GAr) 
domain within EBNAl not only blocks its proteasomal degrada- 
tion for the MHC class I antigen processing pathway^ but also 
inhibits its own mRNA translation (8-11). Although we have 
recendy identified a naturally processed HLA-B8-restricted epitope 
from EBNAl (12), the overall capacity of MHC class I antigen pro- 
cessing and presentation in BL cells is significandy impaired, mak- 
ing EBNAl-positive tumor cells invisible to the host CDS* T cells. 
By contrast, the EBNAl protein can be normally processed and 
presented through the MHC class II processing pathway and elic- 
its consistent CD4'^ T cell immune response (7, 13-16). As a result, 
several MHC class Il-restricted EBNAl peptides have been identi- 



Noastandard abbreviations used: Burkitt lymphoma (BL); 3-(4^-dimcthylthia- 
zoIe-2-yl)-2>diphenyketrazoIium bromide (MTT); EBV-enccxled nuclear antigen 
1 (EBNAl); GAr-dclcced-EBNAl (GAr-del-EBNAl); glycine and alanine repeat 
(GAr); Hodgkin disease (HD); nasopharyngeal carcinoma (NPC); post-transplant 
lymphoproliferative disorder (FTLD). 
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fied (13, 17-19). These observations imply that EBNAl-specific 
CD4* T cells may play a role in controlling tumor growth in vivo. 
However, due to the lack of a reliable animal model for EBV-associ- 
ated tumors, the role of EBNAl-specific CD4*^ T cells in antitumor 
immunity in vivo remains to be defined. 

In this article, we describe the establishment of a murine BL 
model and the identification of EBNAl -derived T cell peptides 
for recognition by CD4* T cells. We show that immunization of 
mice with EBNAl -derived T helper peptides can elicit potent CD4* 
T cell responses and inhibit tumor growth following subsequent 
tumor challenge. More importantly, EBNAl-specific CD4* T 
cells, but not CDS* T cells, contributed to the observed antitumor 
immunity. These results suggest that EBNAl-specific CD4'^ T cell 
response elicited by DC loaded vsdth EBNAl peptide (DC/EBNAl 
peptide) vaccination plays an important role in inhibiting in vivo 
growth of EBNAl-expressing B6-BL tumor cells. 

Results 

Establishment and charaaerization ofBL cell lines. The B6-BL murine 
cell line, initially generated from a human J^X-MYC- transgenic 
mouse, shares many characteristics with human BL (20). The B6- 
BL cell line expressing EBNAl (B6-BL/EBNA1) was generated from 
IgX-MYC X EBNAl double-transgenic mice, but the EBNAl expres- 
sion level could not be detectable by Western blot analysis with 
an EBNAl-specific antibody (data not shown). To make certain 
that EBNAl was properly expressed in the murine BL cells, we suc- 
cessfully transduced B6-BL cells with a retroviral vector encoding 
EBNAl-GFP and designated the resultant cell line B6-BL/EBNA1- 
GFR Expression of EBNAl-GFP fusion gene allowed us to moni- 
tor EBNAl expression in the cells. B6-BL cell line expressing GFP 
(B6-BL/GFP) served as a control. EBNAl expression in the B6-BL/ 
EBNAl-GFP tumor cells was confirmed by Western blot analysis 
(Figure lA). Further characterization of the B6-BL/EBNA1-GFP 
and B6-BL/GFP cell lines by FACS analysis with a panel of anti- 
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bodies revealed uniform expression of B220 B cell marker and of 
H-2K^, I-A^ and ICAM-1 molecules but Htcle or no expression of 
CD80 (B7.1) or CD86 (B7.2) (Figure IB). Thus, the B6-BL/EBNA1- 
GFP line was considered to closely resemble human EBNAl-posi- 
tive BL cells, although some human BL cells do not express MHC 
chss I and ICAM- 1 molecules. 

Immunogenicity ofBS-BL/EBNAl-GFP cells. 
To test whether the expression of EBNAl- ^ 
GFP or GFP in B6-BL cells might affect 



Rgure 1 

Generation and characterization of an EBNAl expressing BL cell line. 
(A) BL cell lines were transduced to express the full-length EBNAl- 
GFP fusion gene. Expression of GFP served as a control. The expres- 
sion of full-length EBNA1 protein In the B6-BL/EBNA1-GFP cells was 
detemiined by Western blot analysis using anti-EBNA1 mAb (1 H4). (B) 
Expression patterns of cell-surface molecules and GFP on these tumor 
cell lines were analyzed by FACS, combined with a panel of mAb's, 
which are labeled on the left. FSC, forward scatter. 



tumor immunogenicity as determined by growth properties, 
we examined the proliferation of BL cell lines both in vitro and 
in vivo. As shown in Figure 2A, the B6-BL, B6-BL/GFP, and 
B6-BL/EBNA1-GFP cells exhibited similar or identical growth 
activities in vitro by the 3-(4,5-dimethylthiazole-2-yl)-2,5-diphe- 
nyltetrazolium bromide (MTT) assay. The immunogenicity of 
B6-BL/EBNA1-GFP and B6-BL/GFP was assessed in vivo by 
subcutaneously injecting tumor cells into syngeneic B6 mice 
in different doses (from 2.5 x 10^ to 1 x 10^ tumor cells). All 
injections resulted in tumor growth, which became detectable 
6-12 days after inoculation, depending on the number of tumor 
cells injected (data not shown). In a subsequent experiment, 
we subcutaneously injected mice with 5 x 10^ tumor cells and 
measured tumor growth every 2 days. All 3 tumor cell lines had 
similar growth properties in vivo (Figure 2B), which suggests 
that neither EBNAl nor GFP expression in B6-BL cells affected 
tumor cell immunogenicity. 

Identification ofEBNAl-specific Tcell epitopes. Having established 
a BL mouse model with characteristics similar to human BL, we 
sought to identify EBNAl-derived T cell epitopes presented by 
murine MHC class 11 molecules. We first evaluated whether EBNAl 
could stimulate T cell responses in B6 mice immunized with full- 
length or truncated forms of EBNAl (GAr-deleted EBNAl, or GAr- 
del-EBNAl). T ceils from splenocytes of the immunized mice were 
stimulated in vitro with 10 EBNAl peptides, as previously described 
(19). After 6 days of stimulation, T cells from the draining lymph 
nodes of B6 mice vaccinated with the full-length EBNAl protein 
showed strong reactivity against the EBNAl -P607-619 peptide as com- 
pared with results for the 9 remaining peptide candidates (Figure 
3A, upper panel). Similar results were obtained with T ceils derived 
from B6 mice immunized with GAr-del-EBNAl protein (Figure 



Figure 2 

Immunogenicity of BL cells. (A) Comparison of 
in vitro growth of BL cell lines expressing GFP 
or EBNAl -GFP using MTT assay. Data repre- 
sent mean ± SEM of triplicate cultures. There 
were no significant differences in tumor growth 
among the cell lines. (B) The growth of tumor 
cell lines in vivo. Mice were subcutaneously 
injected with 5 x IQS of B6-BL, B6-BUGFP, or 
B6-BL/EBNA1 -GFP tumor cells at day 0. Tumor 
size was recorded in mm^ every 3 days. The 
results, reported as means ± SEM for 5 mice, 
indicate that neither EBNA1 nor GFP affected 
the immunogenicity of B6-BL tumor cells. 



H n>pMsp 

MWBL/GFP 
■ B6-BLyEBNAi-GFP 



B 



O 




mo 



500 



400- 



300 



o 



200- 



100 



rB6-BL 
-B6rB!JGFP 
•'B^Su^BNAI^tGFP 




3 6 9 121518 21242730 33 
Days after tumor iho^^^ 



Thejoornal of Clinical Investigation htcp://w'ww.jct.org Volume 114 Number 4 August 2004 



543 



research article 




□ Lymph node cells 
■ Splenocytes 



Figure 3 

Identification of new EBNA1 -specific T cell epitopes presented by murine l-A»> molecules. (A) EBNA1 
peptides recognized by T cells from the immunized mice. B6 mice were immunized with 50 \iQ of full-length 
EBNA1 protein per mouse (upper panel) or GAr-del-EBNA1 (lower panel) In CFA. Eleven days later. T cells 
from draining lymph nodes of the mice were prepared, and 5 x 10S cells were stimulated in vitro in the pres- 
ence of 10 jiM of various synthetic peptides derived from EBNA1 . After ovemight culturing, the supematants 
were tested for IFN-y release by ELISA. (B and C) Generation of EBNAVspecific T cells after vaccination 
of mice with the newly identified T cell peptides. Both splenocytes (black bars) and lymph node cells (white 
bars) from mice immunized with 100 ptg/mouse of EBNA1 -Peo/^ig (B) or EBNA1-P506^2o (C) were stimulated 
in vitro with the corresponding as well as control peptides, and IFN-y secretion was determined. Asterisks 
Indicate that the readings at OD 450 nM for IFN-/ release were higher than those at the highest concentration 
(1 ,000 pg/ml) of the IFN^ standards. 



3A, lower panel). Besides the EBNAI-P607-619 peptide, T cells from 
B6 mice immunized with the GAr-del-EBNAl protein recognized 
a new EBNAI-P506-520 peptide (Figure 3A, lower panel). To further 
test the immunogenicity and specificity of the peptides, we immu- 
nized mice with either EBNAI-P607-619 or EBNAl-Pso6-s2o peptide. 
T cells from B6 mice immunized with EBNAI-P607-619 recognized 
the same EBNAI-P607-619 peptide, but not the EBNAl-Pso6-s2o 
peptide (Figure 3B). Conversely, T cells from B6 mice immunized 
with EBNAI-P506-520 recognized the EBNAI-P506-S20 peptide, but 
not the EBNA1-P607-619 peptide (Figure 3C). Taken together, these 
results suggest that while both EBNAI-P506-520 and EBNAl-P(;o7-6i9 
are capable of stimulating EBNAl -specific T cell responses, only 
the EBNA1-P607-619 peptide is naturally processed and presented to 
T cells. Hence, all further studies to elucidate the role of EBNAl- 
specific T cells in the induction of antitumor immunity were con- 
ducted with this antigenic EBNAl-p607_6i9 peptide. 

Induction of both CD4* and CD8^ T cell responses by DC/EBNAl- 
P607-619 peptide vaccination. Since DCs are the most effective APCs 



Immunized with EBNA1-P^„^.« for the induction of T cell- 

mediated immune responses 
(21), we next asked whether 
T cell responses could be elic- 
ited by DC/pep tide vaccina- 
tion. DCs generated from the 
bone marrow cells of B6 mice 
and pulsed with the EBNAl- 
P607-619 peptide were used to 
immunize syngeneic B6 mice. 
Spleen cells isolated from 
these mice were stimulated in 
vitro with the EBNAI-P607-619 
peptide for 6 days and tested 
against 293I-A'' cells pulsed 
with EBNA1-P607-619 peptide 
or the control EBNAI-P572-584 
peptide. IFN-7 release from T 
cells was not observed when 
T celb were stimulated with 
293I-A*> cells alone or after 
pulsing with a control EBNAl- 
P572-584 peptide. By contrast, 
significant amounts of IFN-y 
were detected in the super- 
natants of T cells stimulated 
with 293I-A'' cells pulsed with 
the EBNA1-P607-619 peptide 
(Figure 4A), which suggests 
that these CD4* T cells are 
capable of recognizing the 
EBNA1-P607-619 peptide. To 
test whether EBNAI-P607-619- 
specific CD8* T cells were elic- 
ited, we used EL-4, a murine 
T lymphoma cell line that 
expresses MHC class I (K>) but 
not class 11 molecules. Litde or 
no IFN-Y release from T cells 
was detectable after cocultur- 
ing of T cells with EL-4 alone 
or EL-4 pulsed with EBNAl- 
P572-584 control peptide. However, T cells from the immunized 
mice could respond to EL-4 cells pulsed with the EBNAl-P«)7-6i9 
peptide (Figure 4B). To further confirm these results, we per- 
formed intracellular cytokine staining of T cells after stimulation 
with EBNAl peptides. As shown in Figure 4C, CD4* T cells from 
the EBNAl-p607-6i9 peptide-immunized mice could produce IFN-y 
upon stimulation with the same peptide. The percentage of T 
cells double positive for CD4 and IFN-y was 0.94, compared with 
0.02% after stimulation with the control EBNAi-P572-s84 peptide. 
Similarly, EBNAl -P607-6 19 stimulation resulted in 1,79% of the 
T cells becoming double positive for CDS and IFN-y, compared 
with 0.03% following stimulation with the control EBNAI-P572-584 
peptide. These results suggest that EBNAI-P607-619 peptide vacci- 
nation activates both CD4* and CDS* T cells. 

Endogenous processing and presentation of EBNAl-PeoTsip peptide. 
Although T cell responses against peptides could be induced from 
human PBMCs or mice, in many cases the T cells fail to recognize 
antigen-expressing targets or tumor cells due to either the low affin- 
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Figure 4 

Characterization of EBNA1 -Peo7-«t9 peptide-specific CD4* and CD8+ T cells. (A) Recognition of EBNA1 -Pw-^io peptide by CD4+ T cells. Mice were 
immunized with EBNA1 Peoz-eig peptide loaded onto bone man-ow cell-derived DCs. After 2 weeks, splenocytes were prepared and stimulated in 
vitro with the peptide for 6 days, then tested against the same peptide-pulsed 2931-A'* cells for T cell recognition. EBNA1 -Ps72-s84 peptide was used 
as a control. Data are means ± SEM of triplicate cultures. (B) Recognition of peptide-pulsed EL-4 target cells by CD8+ T cells. (C) Intracellular 
staining of EBNA1 peptide-specific T cell responses. For intracellular IFN-y staining, splenocytes were stimulated in vitro with EBNA1 Peoy-eio or 
EBNA1 -PsTa-^ (control) peptide overnight and stained with anti-CD4 and antl-CD8 mAb, respectively, followed by intracellular IFN-y staining. The 
double-positive T cells were identified by FACS analysis. The percentage of double-positive cells is given in the upper right of each panel. 



icy of the T cells or to the inability of tumor/target cells to pres- 
. cnt naturally processed peptides on their surface. Thus, we asked 
whether EBNAl-Pgoz-ew-specificT cells could recognize target ceUs 
expressing EBNAl. 293I-A^ cells and a murine prostate tumor cell 
line expressing H-2Kb but not I-A** (RMl) were transfected with 
plasmid DNAs carrying the full-length or GAr-del-£BN>li and 
used to stimulate T cells from EBNAl-Peoz-e 19- immunized mice. As 
shown in Figure 5, little or no T cell activity was detected after stim- 
ulation with target cells transfected with the empty vector. However, 
T cells strongly recognized 293I-A^ cells transfected with either G Ar- 
del-EBNAl or full-length EBNAl, whereas only weak or negligible 
T cell activity was observed against RMl cells transfected with the 
same constructs, which suggests that the EBNAl -specific MHC 
class n-restricted EBNAl -Peo?^ 19 peptide is naturally processed and 
presented to T cells, while the MHC class I-restricted peptides are 
not naturally processed. 

Inhibition of tumor growth by EBNAI-P607-619 immunization. We 
next tested whether immunization of mice with DCs pulsed with 
EBNA1-P607-619 could inhibit tumor growth upon tumor chal- 
lenge. B6 mice were immunized by a single iv. injection of 3 x 10^ 
syngeneic DCs loaded with the EBNAI-P607-619 peptide or a con- 
trol EBNAl-Ps72-584 peptide. Two weeks later, they were challenged 
by subcutaneous injection of B6-BL/EBNA1-GFP cells or control 
cell lines B6-BL and B6-BL/GFP. Immunization of mice with DC/ 
EBNA1-P607-619 peptide resulted in significant inhibition of B6-BL/ 
EBNAl-GFP tumor growth but did not affect the growth of B6-BL 
or B6-BL/GFP tumor cells, which suggests that antitumor immu- 
nity is specific for EBNAl -expressing tumor cells (Figure 6A). Fur- 
thermore, immunization of mice with DC/EBNAI-P572-S84 control 
peptide failed to inhibit the growth of B6-BL/EBNA1-GFP tumor 
cells. Similar results were obtained in subsequent experiments that 
included additional controls for the specificity of antitumor immu- 
nity (Figure 6B). These findings indicate that DC/ EBNAI-P607-619 
immunization elicited antigen-specific immunity, leading to signif- 
icant inhibition of the growth of B6-BL/EBNA-GFP tumor cells. 

Tumor reactivity ofEBNAl-Psoz-sig-specific CD4* T cells. To deter- 
mine whether the EBNAl-P607-6i9-'eUcitedT cells were responsible 
for the observed inhibition of tumor growth in vivo, we first test- 



ed whether T cells elicited from DC/EBNAl-p607-6i9-immunized 
mice were capable of recognizing B6-BL/EBNA1-GFP tumor cells. 
T cells were generated from the immunized mice and then tested 
against B6-BL, B6-BL/GFP, B6-BL/EBNA1-GFP, and tumor cells 
expressing cancer- testis antigen NY-ESO-l-flised GFP (RMl/NY- 
ESO-GFP tumor cells). T cells strongly recognized B6-BL/EBNA1- 
GFP tumor cells but did not respond to B6-BL, B6-BL/GFP, or 
RM-l/NY'ESO-l-GFP, as determined by IFN-y release in ELISA 
and ELISPOT assay (Figture 7, A and B), which suggests that T celk 
were specific for tumor cells expressing EBNAl but not GFP. We 
next determined the relative contribution of CD4* and CDS* T 
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Rgure 5 

Endogenous presentation of EBNAl -PG07-619 epitope for T cell recog- 
nition. T cells from the immunized mice were tested for their ability to 
recognize 2931-A'* (black bars) and RM1 (white bars) cells transfected 
with vectors encoding full-length EBNAl, GAr-del-EBNA1 cDNA, or 
an empty vector. T cells recognized l-A^ositive 293 cells transfected 
with vectors encoding full-length EBNA1 or GAr-del-EBNA1 cDNA. but 
not with empty vector; they did not recognize l-A'^-negative RMl ceils 
transfected with the full-length or GAr-del-EBNAI cDNAs. 
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Figure 6 

Inhibition of BL tumor growth by EBNA1 -specific T 
cells in vivo. (A) Inhibition of tumor growth in DC/ 
EBNA1 -vaccinated mice. Two weeks after immuniza- 
tion with DCs pulsed with EBNAI-Peoz-eio peptide or 
a control EBNAI-P572-584 peptide, mice were chal- 
lenged with 5 X 1 0S B6-BLyEBNA1 -GFP cells or con- 
trol tumor cell lines B6-BL, B6-BL/GFP. Tumor growth 
was measured every 2 days. Growth of BS-BU 
EBNA1-GFP tumor cells was significantly inhibited in 
the mice immunized with DC/EBNA1 -Peoz-^ig peptide 
compared with other control groups (P = 0.01 74). (8) 
Specific suppression of B6-BL/EBNA1-GFP tumor 
cells. To further demonstrate specific inhibition of 
EBNA1 -expressing tumor cells, we immunized mice 
with DCs loaded with EBNAI-Psoy-sig peptide or a 
control peptide and challenged them with 86-817 
EBNA1-GFP or RM1/NY-ESO-1-GFP cells. Tumor 
size was measured every 2 days. Data are means ± 
SEM(P = 0.0295). 
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cell responses co B6-BL/EBNA1-GFP cells through T cell assay in 
the presence of anci-CD4 or anti-CDS mAb. As shown in Figure 
7C, IFN-Y release by T cells was not affected by the addition of 
anti-CDS mAb's but was markedly reduced when anti-CD4 mAb's 
were added. These results suggest that EBNAl -specific CD4* T 
ceils contributed to the inhibition of B6-BL/EBNA1-GFP tumor 
growth observed in vivo. 

CD4* T cells are responsible for the inhibition of BL growth in vivo. To 
gain direct evidence for the role of CD4* T cells in antitumor 
immunity, we immunized CD4 KO, CDS KO, and wild-type mice 
(B6) with DC/EBNAl-p607-6i9. Two weeks later, these mice were 
challenged with 5 x 10^ viable B6-BL/EBNA1-GFP tumor cells. As 
shown in Figure 8A, tumors grew rapidly in mice immunized with 
DC/EBNAI-P572-S84 control peptide and challenged with B6-BL/ 
EBNAl-GFP cells. However, in both wild-type and CDS KO mice 
immunized with DC/EBNAl-P(;o7-6i9, B6-BL/EBNA1-GFP tumor 
growth was significantly inhibited. By contrast, B6-BL/EBNA1-GFP 
tumor growth was not affected in CD4 KO mice. In fact, tumor 
growth in these mice was even fester than in wild-type mice immu- 
nized with a control EBNAl -P572-584 peptide. Similar results were 
obtained in several independent experiments (data not shovm). 

To obtain further evidence for the role of EBNAl -specific CD4* 
T cells in the control of BL development, MHC class I (deficient 
in CDS* T cells) and class II (deficient in CD4* T cells) KO mice 
were immunized with DC/EBNAl-P607-€i9 peptide and challenged 
with B6-BL/EBNA1-GFP, As shown in Figure SB, tumor growth 
was remarkably inhibited in CD4* T cell-intact class I KO mice but 
not in CD4* T cell-deficient class II mice. We also performed T cell 
depletion experiments by intraperitoneal injection of the immu- 
nized mice with anti-CD4 and anti-CDS mAb 1 day before tumor 



challenge and on days 1, 3, and 7 after challenge. Mice depleted of 
CDS* T ceils retained the ability to control tumor growth, while 
those depleted of CD4* T cells failed to inhibit tumor growth (Fig- 
ure 8C). Taken together, our results strongly suggest that EBNAl- 
P607-6i9-specific CD4* T cells, but not CDS* T cells, are responsible 
for the observed antitumor immunity in vivo. 

Discussion 

Transgenic mice generated from a human I^-MYC fusion con- 
struct developed transgenic lymphoma with a pathology similar 
to BL (20). Because all BL tumors carry a reciprocal chromosomal 
translocation between immunoglobulin loci and MYC gene, recon- 
stitution of B6-BL tumor celk (containing a human IgX-MYC 
transgene) with EBNAl mimics human EBV-associated BL. Human 
EBV-positive BL cells express EBNAl but small or undetectable lev- 
ek of other viral antigens. Thus, the new mouse EBNAl-expressing 
B6-BL tumor model established in this study reiterates many char- 
acteristics of human EBV-positive BL, Coexpression of iWYCand 
EBNAl in double- transgenic mice has been reported to promote 
lymphomagenesis (22). Since EBVdoes not infect murine B cells, it 
is difficult to generate such a model that completely recapitulates 
human EBV-positive BL at the present time. The purpose of this 
study was to establish an EBNAl-expressing B6-BL tumor model 
that would allow us to define the role of EBNAl -specific CD4* 
T cells in T cell-mediated antitumor immunity in vivo. Interest- 
ingly, EBNAl expression in B6-BL tumor cells did not change the 
immunogenicity of B6-BL/EBNA1 cells compared with the growth 
property of the parental B6-BL cell line. This may be explained 
by the fact that the GAr domain in EBNAl not only inhibits the 
translation of its own mRNA, but also blocks the degradation of 
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Figure 7 

Correlation of T ceil activity with the inhibition of BL (A) T cell recognition of B6-BL/EBNA1-GFP cells. T celts from EBNAI-Peor-eig peptide- 
immunized mice were tested against a panel of tumor cell lines for tumor reactivity. I FN^ release was detemnined by ELISA. (B) Tumor reactiv- 
ity of T cells from the immunized mice as determined by ELISPOT. The antigen-irrelevant tumor cell line RM1/NY-ESO-1-GFP was used as a 
control. SFC, spot forming cells. (0) Identification of the T cell population (CD4* or CD8+) responsible for tumor reactivity. We tested the ability of 
T cells to respond to B6-BL/EBNA1 -GPP tumor cells in the presence of anti-CD4 and anti-CD8 mAb. Addition of anti-CD4 mAb abolished tumor 
cell recognition, while the presence of antl-CD8 mAb had no effect. 



EBNAl by proteasomes^ thus significantly reducing its capacity to 
generate MHC class I-rescricted peptides (8^ 1 1). 

To further assess antigen-specific antitumor immunity in the 
B6-BL/EBNA1 animal model, we identified two EBNAl -derived 
T cell epitopes that are presented by murine MHC I-A'* molecules 
to CD4*^ T cells and are capable of eliciting anti-EBNAl immune 
responses in EBNAl-immunized B6 mice. Of particular interest 
is that the EBNAl-P607-6i9 peptide could be processed and pre- 
sented by murine I-A** molecules. Although the EBNAI-P607-619 
peptide induced both CD4* and CD8* T cell responses against 
the peptide-pulsed target cells (Figure 4), CD8* T cells failed 
to recognize RMl cells expressing EBNAl, which suggests that 
MHC class i-restricted EBNAl epitopes are not naturally pro- 
cessed and presented on the tumor cell surface because of the 
presence of GAr domain within EBNAl (8, 9). We further showed 
that, consistent with this notion, the CD4* T cell response was 
responsible for T cell- mediated inhibition of BL growth in vivo 
(Figure 7C). These results suggest that CD4* T cells, after acti- 
vation by EBNAl -P607-619 peptide, play an important role in the 
inhibition of BL tumor growth in vivo. More importantly, the 
BL grew progressively in EBNAI-P607-6 19- immunized CD4 KO 
mice but were significantly inhibited in the immunized CDS KO 
mice (Figure 8A). Experiments with MHC class I KO and class II 
KO mice further confirmed the role of EBNAl -specific CD4* T 
cells in antitumor immunity (Figure 8B). Taken together, these 
findings suggest that the induction of EBNAI-P607-619 peptide- 
specific CD4* T cells by DC/peptide vaccination leads to signifi- 
cant inhibition of B6-BL/EBNA1 tumor growth in vivo. The new 
findings represent what we believe to be the first direct evidence 
that CD4* T cells are primarily responsible for the rejection of BL 
tumor expressing EBNAl in vivo. 



Although we recently demonstrated that HLA-B8-restricted 
EBNAl -specific CDS* T cells could be elicited from human 
PBMCs after multiple peptide stimulation (12), CD4* T cell 
response against EBNAl is dominant (15, 17-19). Thus, CD4* T 
cell response in our tumor model resembles that in patients with 
EBV-associated tumor. Several mechanisms of CD4* T cell-medi- 
ated antitumor immunity have been proposed. Studies of EBNAl- 
specific CD4* T cell lines established from healthy human donors 
have shown that some CD4* Thl cells can directly kiU BL cells in 
an 18-hour ^^Cr release assay (18), which suggests that CDA"" T cells 
might inhibit EBV-infected cells through cytotoxicity mediated 
by perforin or Fas ligand expressed by CD4* effector cells. Both 
perforin- and Fas-mediated cytotoxicity have been implicated in the 
clearance of murine gammaherpesvirus~68 (MI-IV-68), which has 
been used as a model of human EBV infection (23, 24). However, 
our EBNAl -P607-6i9-activated T cells did not show any cytotoxic 
activity against B6-BL/EBNA1-GFP cells in either a 4-hour or a 16- 
hour ^^Cr release assay. Alternatively, CD4* T cells might indirectly 
kill target cells through the production of cytokines, such as IFN-y, 
which have been shown to have inhibitory activity in EBV-induced 
B cell growth (25, 26). The control of tumor growth by IFN-y in 
other animal modeb, including models for MHC class Il-negative 
tumors (27, 28), is well established (29-31), although conflicting 
results have also been reported (32-34). Inhibition of angiogenesis 
rather than direct arrest of tumor cell proliferation has been attrib- 
uted to IFN-y-mediated antitumor immunity (35). We are currently 
investigating these possibilities using various types of KO mice. 

It has been suggested that immunocompromised individuals 
such as HIV-infected patients have increased risk of developing BL, 
which is strongly associated with EBV (36-38). These studies sug- 
gest that the host immune system plays an important role in con- 
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Figure 8 

CD4* T cells are responsible for the Inhibition of BL cells in vivo. (A) Detennination of T cell sub- 
sets responsible for the obsen/ed antitumor immunity. Wild-type, CD4 KO, and CDS KO mice were 
Immunized with DCs/EBNAI-Peoz-^is peptide, and 2 weeks later were challenged with 5 x 10^ 
B6-BL/EBNA1 -GFP tumor ceils. The tumor sizes were measured every 2 days after tumor chal- 
lenge. Significant Inhibition of tumor growth was observed in wild-type and CDS KO mice immu- 
nized with DCs/EBNAI 

"Ps72-584 peptide compared with other groups {P = 0.005), Similar results 
were obtained in 3 repeated experiments. (B) Antitumor immunity elicited in B6, MHC class I KO, 
but not in MHC class II KO mice. B6, class I, and class II KO mice were immunized with DCs/ 
EBNA1-Peo7-6i9 and were then challenged with B6-BL/EBNA1-GFP cells. DC/EBNA1-P57a-584 
served as a specificity control. Significant suppression of tumor growth was observed in B6 and 
MHC class I KO mice immunized with DC/EBNA1-Peo7-6i9 peptide compared with other groups 
{P = 0.0065). (C) Depletion (depl.) of the subset of CD4+ T cells abolished their ability to suppress 
tumor growth. The immunized mice were treated with anti-CD4 (GK1 .5) or anti-CD8 (2.43) mAb's 
(200 |ig in 500 \d volume) 1 day before tumor challenge and on days 1 , 3, and 5 after challenge. 
Tumor growth was not inhibited in mice with depletion of CD4+ T cells, while depletion of CD8* T 
cells did not affect antitumor immunity (P = 0.01 27). B6 mice Immunized with DC/EBNA1 -Peoy-ei© 
or DC/EBNA1-Ps72-684 peptide sensed as positive and negative controls, respectively. 



trolling the development of BL. However, the relationship between 
immunocompromise and EBV-associated cancer is still poorly 
understood. In particular, it is not known whether the number 
and fimction of CD4 T cells are correlated with the development 
of EBV-associated BL. Since our results suggest that the induction 
of EBNAl-specific CD4* T cells is critical in controlling the growth 
of EBNAl-expressing BL tumor model in vivo, it is important to 
identify MHC class Il-res trie ted EBNAl epitopes recognized by 
CD4* T cells. Such epitopes could be used to stimulate CD4* T 
cells specific for EBNAl and then adoptively transferred along with 
EBV-specific CD8^ T cells into patients with EBV-associated can- 
cer. Alternatively, these MHC class Il-rcstricted EBNAl peptides 
could be used in a vaccine in combination with MHC class I viral 
peptides to eUcit both CD4* and CDS* T cell responses. It has been 



demonstrated that both CD4* and CDS* 
T cell responses are required for control- 
ling the outgrowth of EBV-transformed B 
cells in seropositive donors (39). Thus, it is 
critical to include both MHC class I- and 
class n-restricted peptides from EBV anti- 
gens in cancer vaccines for recruiting and 
activating CD4* and CDS* T cell responses 
in clinical setting, ultimately leading to 
tumor destruction. 

Methods 

Mice. C57BL/6 (B6, female mice were 

obtained from the National Cancer Institute. 
CD4 KO and CDS KO mice in a B6 background 
were purchased from the Jackson Labora- 
tory (Bar Harbor, Maine, USA) and had been 
backcrossed for more than 10 generations. MHC 
class I- and class Il-deficient (p2m-/- and I-A^ /-, 
respectively) mice that had been backcrossed to 
the B6 background for more dian 12 generadons 
were purchased from Taconic (Germantown, 
New York, USA). AU mice were maintained in 
the animal facility at Baylor College of Medicine 
under specific pathogen-free conditions and 
were used at 8-12 weeks of age. All studies were 
performed according to the protocols approved 
by the Institutional Animal Care and Use Com- 
mittee of Baylor College of Medicine regarding 
the use of laboratory animals. 

Cell lines. A murine BL cell line^ designated 
B6-BL, was initially derived from human 
IgX-MYC transgenic mice in a C57BL/6 back- 
ground (20). The B6-BL/EBNA1 cell Une was 
derived from Igk-MYC x EBNAl double- trans- 
genic mice. Both B6-BL and B6-BL/EBNA1 cell 
lines were kindly provided by Herbert. C. Morse 
in and Ted Torrey at the National Institute of 
Allergy and Infectious Diseases, NIH. EBNAl 
transgenic mice were independendy generated 
using the method and constructs similar co 
one previously described (ref. 40; Ted Torrey, 
personal communication), and were used to 
cross with the IgX-MYC transgenic mice. How- 
ever, the EBNAl expression in B6-BL/EBNA1 
cell line could be detected by RT-PCR but not 
by Western blot analysis. Therefore, we introduced EBNAl into B6-BL 
cells by a retroviral vector encoding the EBNAl-GFP gene. Retroviral 
EBNAl constructs and viral supernatant preparation were conducted as 
previously described (12, 41). Expression of EBNAl-GFP was under the 
control of viral long-terminal repeat promoter. The resultant cell line was 
designated B6-BL/EBNA1-GFP. As a control, we generated a B6-BL/GFP 
cell line. We also generated an additional tumor cell line, RMl/NY-ESO-1- 
GFP, by introducing the NY-ESO-l-GFP fusion gene into the murine RMl 
prostate cell line. The human embryo kidney 293 cell line expressing 
mouse MHC class 11 (I-A"*) molecules was previously described (42). These 
cell lines were maintained in RPMI 1640 medium (GIBCO; Invitrogen 
Corp., Carlsbad, Califomia, USA) supplemented with 10% FBS (Gemini 
Bio-Products, Woodland, California, USA), 2 mM glutamine, 100 U/ml 
penicillin, and 100 (ig/ml streptomycin. 
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EBNAl peptides. The peptides were synthesized by a solid-phase method 
using a peptide synthesizer (model AMS 422; Gilson Co., Worchingcon^ 
Ohio, USA) and were purified by HPLC and were more than 98% pure. The 
mass of some peptides was confirmed by mass spectrometry analysis. EBNAl 
peptide sequences were identical to those previously described (19). 

DC preparation and immunization. Bone marrow-derived DCs from 
C57BL/6 mice were prepared as previously described (42), In some experi- 
ments, B6 mice were immunized with 50 \ig of fiill-lcngth EBNAl (19) or 
GAr-del-EBNAl protein (a kind gift of Jindong Wang, University of Wis- 
consin, Madison, Wisconsin, USA) or 100 jig of EBNAl peptides emulsi- 
fied in an equal volume of CFA (Sigma>Aldrich, St. Louis, Missouri, USA) 
in a total volume of 50 (il. 

T cell stimulation, cytokine release, and ELISPOT assay. Two million 
splenocytes were freshly prepared from the immunized mice (2 per group) 
and incubated with various EBNAl peptides at a final concentration of 10 
jiM in RPMI 1640/5% mouse serum (Valley Biomedical Inc., Winchester, 
Virginia, USA) and cultured in a 24-wcll plate (Corning, Corning, New 
York, USA) at 37*C in 5% CO2 for 6 days. These T cells were tested for their 
ability to recognize several tumor target cells or peptide-pulsed targets. In 
some experiments, T cells from splenocytes or draining lymph node cells of 
the immunized mice were direcdy tested for their ability to recognize target 
cells. Murine IFN-y release was determined with EliSA kits (Endogen Inc., 
Wobum, Massachusetts, USA) according to the manufacturer's instruc- 
tions. T cell activities against tumor target cells were also determined by 
ELISPOT, as previously described (43). 

Intracellualr cytokine stainingandflow cytometric analysis. Spleen cell cultures 
stimulated i^ith EBNAl peptides for 18 hours were established as described 
above. Cytokine secretion from T cells was then blocked by the addition of 
brefeldin A(10 jig/ml; Sigma-Aldrich) for 3 hours before harvesting. Cells 
were washed once in FACS buffer (1% FCS-PBS) and adjusted to 0.5 x lOV 
tube and stained for expression of CD 4 and CDS by phycoerythrin-con- 
jugatcd (PE-conjugated) anri-CD4 (GK1.5) and ana-CD8 (53-6.7), respec- 
tively. After 30 minutes on ice, the ccUs were washed twice, then fixed with 
2% paraformaldehyde-PBS for 20 minutes at 4'*C, followed by intracellular 
staining in permeabilization buffer containing 0.5% saponin and 1% BSA 
in PBS. After incubation with 1 jig/tube FITC-conjugated anti-IFN-y 
(XMG 1.2; BD Biosciences — Phanningen, San Diego, California, USA) for 
45 minutes at 4"C. and the cells were washed, resuspended in FACS buffer, 
and analyzed by flow cytometry. 

B6-BL, B6-BL/GFP, and B6-BL/EBNA1-GFP tumor cells were washed once 
in FACS buffer, adjusted to 0.2 x 10^/tube, and stained for cell surfoce mark- 
ers by incubation with 1-2 (ig/tube of PE-conjugated and-mouse mAb*s (all 
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firom BD Biosciences — Pharmingen): anti-B220 (RA3-6B2), anri-H-2K'» 
(AF6-88.5), anri-H-2I-A«> (AF6-12ai), anti-BZl (16-lOAl), anti-B7.2 (GLl), 
and anti-ICAM-1 (3B2). After 30 minutes on ice, cells were washed twice 
with FACS buffer and analyzed with a FACScan flow cytometer (BD, San 
Jose, California, USA). 

MTT assay. Cells were seeded in a flat-bottomed, 96>well plate at 2 x 10^ 
cells/well in RPMM640 plus 10% FCS. Before harvesting, 50 jil of the vital 
dye MTT (Sigma-Aldrich) in PBS (5 mg/ml) was added to the cultures. The 
blue dye taken up by the cells after 4 hours of incubation was dissolved in 
DMSO (100 jil/well). Readouts were taken at a 550 nm wavelength using 
an automated microplate reader. 

Animal study, B6 mice and mice deficient in CD4, CDS, or MHC class 
I or class II molecules were immunized with EBNAl peptides pulsed on 
B6 DCs (3 X lOVmouse) through tail veins. Two weeks later, mice were 
challenged vnth various tumor cells by subcutaneous injection of 5 x 10* 
of tumor cells. In some experiments, CD4* and CDS* T cells were depleted 
by intraperitoneal injection of 500 |il (containing 200 jig) of anti-CD4 
(GK1.5) and anri-CDS (2.43) mAb's, respectively, as previously described 
(42). Tumor growth was measured with a caliper every 2-3 days and the 
results described as tumor area in mm^. Statistical significance was calcu- 
lated with the two-sided Student's t test. 
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CELLULAR LOCALIZATION OF AN EPSTEIN-BARR VIRUS 

(EBV)-ASSOCIATED COMPLEMENT-FIXING ANTIGEN 
IN PRODUCER AND NON-PRODUCER LYMPHOBLASTOID 

CELL LINES 

by 

Beverley M. Reedman ^ and George Klein 
Department of Tumor Biology^ Karolinska Institute:, S 104 01 Stockholm 60, Sweden 

Anti-complement immunofluorescence (ACIF) was used to study the complement' 
fixing antigens of human lymphoblastoid cell lines. These cell lines carry the Epstein- 
Barr virus (EBV) genome although only producer cultures synthetize EBV-specific 
antigens ( virus capsid antigen^ VCA and early antigen, EA) detectable by direct and 
indirect immunofluorescence, usually in less than 5% of the cells. The ACIF test revealed 
an antigen localized in the nucleus of the lymphoblastoid cells. In contrast to EA and 
VCA, this antigen was present in over 90% of the cells of both producer and non* 
producer cultures. The antigen was shown to be specific for EBV by comparing the 
reactions of 52 sera in the ACIF test. Sera giving the nuclear reaction contained anti- 
bodies to VCA^ EA or antigens iietectable by complement fixation tests on ceil extracts, 
but sera without EBVantlbodiesfailedto'give /he reaction. Weak, equivocal or discordant 
reactions occurred with six sera with low titres in VCA, EA or complement fixation 
tests. Cell lines derived by transformation of human 'and primate lymphocytes by EBV 
gave the nuclear reaction. Control cells with no known association with EBV were 
non-reactive. These included foetal lymphocytes transformed by phytphaemagglutinin, 
cell lines derived from breast cancer, glioma, normal glia, pleuritis maligna and myeloma, 
and two marmoset lymphoid lines carrying Herpesvirus saimiri (MVS), In preliminary 
experiments, the ACIF test was used as a tool to trace the EBV genome at the cellular 
level. Cells from two Burkitt lymphoma biopsies, one tested after biopsy arui one after 
passaging in nude mice, contained an EBV^specific antigen. Three clones of cells derived 
from hybrids of mouse sorruxtic cells and a human lymphoblastoid cell line also contained 
such an antigen, but the number of reactive cells varied from clone to clone, A fourth 
clone was non-reactive. 



A non-permissive interaction between EBV 
and human lymphoid cells is beheved to be 
essential for the unlimited proliferation of 
human lymphoblastoid cell lines, in vitro. Cord 
blood cells and foetal lymphocytes do not 
spontaneously develop into cell lines until and 
unless EBV is added (Pope et al., 1968; Chang et 
al„ 1971 ; Nilsson et al,, 1971). As far as they 
have been tested, all lymphoblastoid cell lines of 



human origin contain complement-fixing antigens 
specific for EBV (Pope et al,, 1969; Vonka et al,, 
1970A). DNA/DNA and cRNA/DNA hybridiza- 
tion showed that these lines also carry the EBV 
genome (zur Hausen and Schulte-Holthausen, 
1970; Nonoyanui and Pagano, 1971; zur Hausen 
etal., 1972). In contrast, virus-associated antigens 
detectable in fixed cells by direct and indirect 
immunofluorescence tests occur, by definition, 
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only in producer cell lines. These antigens, £A 
aiid VCA, are normally detectable in less than 
5% of the cells of the culture. VCA-producing 
cells were shown to be in various stages of 
degeneration (Henle and Henle, 1966a, b\ and 
host-ceil DNA, RNA and protein synthesis was 
considerably inhibited in EA-producing cells of 
producer cultures and non-producer cultures 
superinfected with EBV (Gergely et aL, 1971a, 6). 
It is probable, therefore, that £A synthesis 
signals the entry of a cell into a lytic though 
often abortive virus cycle, and both EA and VCA 
synthesis are indicative of cell death. 

The T antigens induced by the oncogenic 
papovaviruses and adenoviruses are virus-specific 
antigens compatible with continued cell life and 
multiplication in contrast to the V antigens which 
arc exclusively limited to the lytic virus cycle. 
One purpose of the present study was to deter- 
mine whether the human lymphoblastoid ceil 
lines . synthetize antigens analogous to the 
T antigens. It has been suggested that the EBV- 
specific complement-fixing antigens in producer 
and non-producer cell lines may represent such 
an antigen (Armstrong et aL^ 1966; Pope et ai., 
)969; Vonka et ai, 1970a, b) but direct and 
indirect immunofluorescence tests such as are 
currently used to detect EA and VCA have failed 
to demonstrate this antigen at the cellular level. 
It is thereft>r^ not known whether the complement- ' 
fixing antigen is a product of each cell in k ' 
culture, or is limited to a very small minority of 
cells diverted into an abortive virus cycle, thereby • 
excluding themselves from the continued growth 
of the line. Since ACIF is reported to be m6rc 
sensitive than direct or indirect immunofluor- 
escence (Gold wasser and Shepard, 1958; Hinuma 
and Hummeler, 1961; Hinuma et al,, 1962) it 
was used here to study EBV-related complement- 
fixing antigens. 

MATERIAL AND METHODS 

Ceii lines 

The cell lines studied will be described with 
the results. Human lymphoblastoid cell lines from 
various sources were propagated as stationary 
suspension cultures in RPMI 1640 with 15% 
foetal calf serum. B82 mouse fibroblasts, Daudi/ 
A9 or HBT cells were grown as monolayers in 
Eaglets MEM, and Daudi/A9 P2, clone 10 and 
clone 9 in HAT mediiun. Other cultures were 



propagated in RPMI 1640. All cultures were fed 
twice weekly. 

ACIF test , 

Smears were prepared in the cytocentrifuge, or 
by spreading a concentrated suspension of 
washed cells on clean slides, air-dried and fixed 
in chilled acetone. Human serum which gave no 
reaction with Raji cells in the ACIF test and 
which contained no detectable antibodies to 
EBV antigens by complement fixation or immuno- 
fluorescence, was used as a source of complement. 
All dilutions and washes were made in balanced 
salt solution (BSS: 0.8% NaCl. 0,014% CaCU 
0.04% KCl, 0.02% MgS04.7HtO, 0.06% 
KH.PO4, 0.06% Na.HP04.2H.O, pa 6.9). 

After fixation, the smears were dipped in BSS . 
and treated with test serum (usually diluted 1/8 
and inactivated at 56° C for 30 min) containing 
complement (final dilution 1/10) at 37° C for 
30 min in a humid chamber. They were washed 
with stirring for 30 min, stained with a suitable 
dilution of FITC-conjugatcd anti-human Bjc/Bj a 
globulin (Hyland Laboratories, Los Angeles, / 
California, USA) at 37° C for 30 min or 4°C 
for 90 min, washed again and mounted in 
BSS:glycerol 1:1. The slides were examined in a 
Leitz Ortl^olux microscope equipped with a 
v^rti'c^l Ploem type i Illuminator at oil inunersioh : . . 
'C^X or lOOJx). / . * - ; V 

JUbbitVAiitiscnvn ^specific fpr the "B 

ic com- 
ponent of guinea-pig complement was kindly ' 
provided by Dr. T. Tachibana, National tJancer 
Ceiiter, Tokyo. IgG prepared from this seruni 
was conjugated with FITC and used in the 
ACIF test with guinea-pig serum as a source of 
complement. 

Titration of sera > 

Sera were titrated for antibodies to VCA and 
EA (D and R components) (Henle and Henle, 
I966fl; Henle et al., 1969; Henle et aL, 1971a, b). 
Complement fixation litres were determined 
against crude and soluble extracts of QIMR-WIL 
cells as previously described (Walters and Pope, 
1971). 

Two-colour immunofluorescence 

P3HR1 smears were stained by ACIF as 
described above^ then treated with TRITC- 
Iketumba coiyugate at 4^ C for 1 h. TRITC- 
Iketiimba is a reference conjugate (Klein et al,^ ^ 



1971) with antibodies to VCA j 
and R components of the EA syst 
19716). Individual cells were exa 
fluorescence due to the FITC-ar 
470 nm blue excitation light an 
escence due to the TRITC- 
546 nm green excitation light. 

RESULTS 

ACIF reactions of Raji, P3H 
human lymphoblastoid cell lines 

The reaction of sera containing 
with non-producer Raji cells in 
resulted in the staining of the nui 
* of the cells (Fig. 2). This fluorcscci 
by first inactivating the compi . 
for 30 min and was readily disti 
the weak cytoplasmic backgrou 
to complement and coiyugate 
intensity of the reaction varied f 
and even within a test from onie cc 
was typically finely granular and 
nucleus. This is in contrast to X\ 
plasmic and nuclear staining 
EA-positive cells, rarely numbe 
5%, as observed in direct arid ir 
fluorescence tests on producer ce 
« staining morphplogically similar t 
for Raji celU was found when EJ . 
were tested .with the producer lir 
. ;LYr46. A small, number of these 
also stained in the cytoplasm ai 
complement and conjugate^ in be 
and absence of EBV-positive s 
brilliantly stained cells were often 
EA-positive sera were used. Thes* 
studied by two-colour immune 
described later. 

Specificity of nuclear staining 

In order to investigate the si 
nuclear reaction, 52 sera wh 
characterized for EBV antibodit 
fluorescence and complement 
tested for reactivity with Raji, P.' 
cells in the ACIF test (Table I). C 
had detectable VCA and coi 
antibodies and all gave hucleai 
serum. No, 38, was found to re 
with Raji cells but was either neg 
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} 1971) with antibodies to VCA and both the D 
and R components of the £A system (Henle et al., 
\91iby Individual cells were examined for green 
fluorescence due to the FITC-anti fi|c/C|A with 
470 nm blue excitation light and for red fluor- 
escence due to the TRITC-Ikctumba with 
546 nm green excitation light. 

I RESULTS 

^ ACIF reactions of Raji, P3HR1 and LY^6 
hunum lyntphoblastoid cell lines 

The reaction of sera containing EBV antibodies 

I with non-producer Raji cells in the ACIF test 
resulted in the staining of the nuclei of over 90% 
of the cells (Fig. 2). This fluorescence was inhi bited 
by first inactivating the complement at 56"^ C 
for 30 min and was readily distinguishable from 

i the weak cytoplasmic background staining due 
to complement and conjugate (Fig. 3). The 
intensity of the reaction varied from test to test 
and even within a test from one cell to another but 
■ -. was typically finely granular and confined to . the ' 

[\ nuclejusi :This is in contrast to the brilliant q^to- 
. plasmic arid niiclear staining of VCA- and 
EA-positive cells, rarely .numbering more than/ 
..-5%,. as observed in direct and indirect imitnuho- 
fluorescehce tests on producer cell lines. Nuclear 
staining morphologically similar to that described 
for Raji cells was found when EBV-positivc sera 
were tested with the producer lines, P3HRI and 
LY-46. A small number of these ceils (up to 2%) 
also stained in the cytoplasm and nucleus with 
complement and coivjugate, in both the presence 
and absence of EBV-positive sera. Additional 

1 brilliantly stained cells were often observed when 
EA-positive sera were used. These reactions were 
studied by two-colour immunofluorescence as 
described later. 

Specificity of nuclear staining 

In order to investigate the specificity of the 
nuclear reaction, 52 sera which had been 
characterized for EBV antibodies by immuno- 
fluorescence and complement fixation were 
tested for reactivity with Raji. P3HR1 or LY-46 
cells in the ACIF test (Table I). Of these, 32 sera 
had detectable VCA and complement-fixing 
\ antibodies and all gave nuclear staining. One 
serum. No. 38, was foimd to react consistently 
with R^jt cells but was either negative or weakly 
positive on repeated tests ^th P3HR1 cells. 



Foiuteen sera were non-reactive in VCA, EA 
and complement fixation tests, and also failed to 
react in the ACIF test. The remaining six sera 
were also non-reactive in VCA and EA ttsts. 
Two of these (Nos. 19 and 20) had relatively high 
complement fixation titres and were reactive in 
the ACIF test, while another scrum (No. 17) had 
a low level of complement-fixing antibodies and 
was non-reactive in the ACIF test. Two sera 
(Nos, 15 and 16) which were non-reactive in 
complement fixation were considered equivocal 
in the ACIF test because of the very weak 
reactions observed. Finally, one serum (No. 18) 
was recorded as positive in the ACIF test and 
may have had a low level of complement-fixing 
antibody. Thus there was a positive correlation 
between the presence of EBV-specific antibodies 
in the sera and the presence of antibodies giving 
the nuclear reaction in the ACIF test. Of the six 
sera which did not fit into this pattern two could 
be considered discordant in that they were VCA- 
an4. EA-Jiegatiye but co,mp}enient fixation and 
ACIFipipsitive ; the other four sera* gave* border- 
line, equivocal or negative reactions in all these 
tests.- The results are presented d ia^ammatical ly 
in*' -Figure -I.': \ '[ / 

ACIF reactions of EBV'Carrying and contrdl cells 

The reactivity of different types of cells in the 
ACIF test was investigated and the results are 
summarized in Tables III and IV. Smears of each 
cell type were tested with EBV-positive sera 
which reacted strongly with Raji cells and also 
with sera giving no reaction with Raji cells and 
having no detectable antibodies to £BV« 
Appropriate controls were included in each test. 

All the human lymphoblastoid cell lines tested, 
regardless of origin and producer or non- 
producer status, reacted with EBV-positive sera 
in a manner similar to that described for Raji 
ceils but failed to react with the negative sera 
(Table II, Figs. 4 and 5). This included five cell 
lines derived from transformation of cord-blood 
cells with £BV, as well as the virus donor line 
8$3L. 

Foetal liver cells, two preparations of cord- 
blood cells transformed by phytohaemagglutinin, 
Vero cells, mouse and human fibroblasts, and 
cell lines derived from glioma, breast cancer, 
normal glia, sarcoma and pleuritis maligna, all 
failed to give the Raji-type nuclear reaction in 
the ACIF test (Table HI). Several atypical 
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TABLE I 

REACTIONS OF EBV-FOSITIVE AND -NEGATIVE SERA IN AOF TESTS 
WITH LYMPHpBLASTOID CELL LINES 



Serum 


Code 


Diagnosb * 


VCA 


■ 


• 


Complement fixation litre 


ACIF 


No* 


titre 


D 


R 


Crude 


Soluble 


reaction * 


I 


EK 


control 


<I0 


<10 


<10 


<8 


<8 
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^ I V 


NT 


NT 


<8 


<8 




J J 


S883 
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^ IV 


<r in 
^ 1 V 


>128 


>128 


7" 


jV 
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X 


W 






160 


NT 




>128 


64 


4_ 
7^ 


^1 
4i 
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52 
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BL 


2560 


320 


640 


>256 


>256 


+ 



« BL «« Burkitt's lymphoma, NPC « nasopharyngeal carclooma, Ca man. » Cancer of mandible. NT a not tested. 

* Where only one EA titre is indicated, no distinction was made between the D and R eomponenu. 

* Sera were tested with Kaji, P3HR1 or LY-46 cells. » — no nuclear reaction as described for RaJi cells, ±. 
positive reaction. 

* Senim anti-complementary at 1/8 dilution. 

* Very weak reaction only observed after repealed testing. 

* This serum was positive when tcsud with Raji cells, but negative or weakly positive with P3HRI cells. 
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Figure 3 

Negative reaction of Rail cells (human lymphoblastoid cell line, non- 
producer) with EBV-negative serum as complement source and FITC- 



of which grew as monolayers or as mixed cul- 
tures, were derived by transformation of periph- 
eral white cells by EBV and were shown by £A 
and VCA tests to carry EBV. These three lines 
reacted in the ACIF test but another marmoset 
line (1670), which carried HVS but not EBV, was 
non-reactive (Table IV, Fig. 6). MLC, also a mar- 
moset line carrying HVS, reacted wealdy with one 
EBV-positive serum, No. 49, but not with four 
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reactions were observed. These included the faint 
nuclear staining of the foetal liver cells by serum 
No. 42, and the spotty nuclear and cytoplasmic 
staining of the pleuritis maligna cells by sera 31, 
38 and 49. The glia, sarcoma and myeloma cell 
lines contained a very low frequency of cells with 
stained nuclei. 

Two squirrel monkey cell lines (KCSM 44 and 
KCSM 45) and one marmoset line (KCM 25), all 
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other positive sera. Several primate sera known 
to contain antibodies to HVS failed to give a 
nuclear reaction with MLC, 1670, KCSM 45 and 
Raji cells. 

ACIF reactions of Burkitt lymphoma biopsies 

Preparations of two Burkitt lymphoma biopsies 
were examined by ACIF (Table HI). Cells from 
the first biopsy, Katana, were smeared and tested 
as for the cell lines. The nuclei of these cells 
reacted with EBV-positive sera (Fig. 7) but not 
with the £BV-negative sera (Fig. 8)» but the 
fluorescence pattern was more coarsely granular 
than that described for Raji cells. The second 
tumor, Margareth, was tested after several 
passages in nude mice (Poulsen et al., 1973). 
This was also reactive with a fluorescence pattern 
similar to that described for the lymphoblastoid 
cell lines. 

ACIF reactions of DaudilA9 hybrids 

Four clones of cells derived by hybridization 
of mouse fibroblasts, A9, and a lymphoblastoid 
cell line, Daudi (Allerdice et a!,, 1973), showed 
consistent'difTerences in the. number of antigen- 
positive 1cens;(tabl^ Fig. 9-12). The four, 
clones arc knpwri to differ with regard to the 
number and type of human chromosomes they 
contain (Allerdice a/., 1973). Present indications 
arc that the reactivity of the hybrid clones can be 
correlated with the number of EBV-genome 
equivalents as determined by DNA hybridization 
(zur Hausen, personal communication). 

Factors influencing the ACIF reaction 

The reactions of the various cell lines, apart 
from the four clones just mentioned, have been 
described as positive or negative rather than as a 
percentage of positive cells. It was noted earlier 
that the intensity of the nuclear reaction varied 
from test to test and even within a test from one 
cell to another. It was found in practice that 
this variation made it difficult to quantitate the 
reaction. The quality of the smear seemed to be 
an important factor contributing to the success 
of the staining reaction. When Raji cells were 
smeared with a Pasteur pipette the intensity of 
the reaction varied from one section of the 
smear to another with perhaps only 50% of the 
celts brightly stained, but when the smears were 
prepared in the cytocentrifuge with the cells 
well separated from one another, over 90% of 
the cells usually stained intensely. Preparations 
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Figure 4 

Positive reaction of JHTC33 cells (human lymphoblastoid cell line, non-producer) with EBV-positive p 
scrum, cbmpliemirit and FrrC^inti ^ici//?jA> 




Figure 6 

Ncgativ 
EBV-ncgati 




Figure 5 

Positive reaction of 6410 cells (human tymphoblastoid cell line, non-producer) with EBV-positive serum, 
complement and FITC-anti ^ic/Aa- 
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lucer) with EBV-positive serum. 




F[GUR6 6 

Negative reaction of 1670 cells (HVS<arrying marmoset cell line) with 
EBV-negative serum as complement source and FITC-anti PtcIfiiA' 



of the other lymphoblastoid cell lines also con- 
tained very few negative cells. The intensity of 
the reactions of the EBV-positive primate cell 
lines KCSM 44 and KCSM 45 varied markedly 
from cell to cell. 

Recognition of EA-positive cells 

The producer cell lines often contained cells 
which stained brilliantly in the cytoplasm and 



the nucleus with EA- and VCA-positive sera 
although this reaction was obscured if the nuclear 
staining was sufficiently bright. The reaction 
was most outstanding with £A-positive sera and 
cell lines with a high level of EA-producing cells. 
Two-colour immunofluorescence on P3HR1 ceils 
showed that the EA-positive cells, /.e. those 
which stained red by direct TRITC-Ikctumba 
rhodamine corrugate, were the same as those 

509 




ACIF TESTS ON CL» 



CeU lioe 
Daudi 

Daudi/A9 OR 
Daudi/A9-clonc 10 
Daudi/A9-clone 9 
Daudi/A9'P2 
L cells 



* Fecoenuge of cells with nu 
EBV-oegative sera. 



Figure 7 

Coarsely granular positive reaction of cells from a Burkitt lymphoma biopsy (Katana) with EBV-posltive 

scrum, complement and FWC-pxclPiA,- 





Figure 8 

Negative reaction of cells from a Burkitt lymphoma biopsy (Katana) with complement, £BV*posittve 
serum and FlTC-anti ptclPiA* 



Figure 9 

Reaction of Daiidi/A9 
plement and FTTC-anti Ac 
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EBV-ASSOCUTED NUCLEAR ANTIGEN (EBNA) 
TABLE V 

ACIF TESTS ON CLONES dF HYBRIDS OF A HUMAN LYMPHOBLASTOID CELL LINE (DAUDI) 
AND A MOUSE FIBROBLAST UNE (A9) 



Cell lute 



% Reactive oelb ' 



Origin of line 



Daudi >95 

Daudi/A9 OR 58-90 

Dau<l]VA9<Ione 10 29-34 

Daudi/A9<lone 9 0.2- 1 .4 
Daudi/A9-P2 0 
L cells 0 



Klein. E. et aL (1968) 
AUerdice et aL (1973) 



LIttlefieM, 1964; A9 « mutant of mouse L cells 



* Percentage or cells with nuclear fluorescence after reaction oramear with EBV-posilive serum; the cell lines did not react with 
EBV-neg^ive sera. 




Figure 9 

Reaction of Daudi/ A9 cells clone OR (human-mouse hybrid clone) with EBV-positive serum, com- 
plement and FITC-anti PidPvX* Approximately 80% of the cells gave nuclear staining. 



which stained brilliant green by an £A-positive 
scrum in the ACIF test. It was mentioned above 
that P3HR1 and LY-46 cell lines also contained 
some cells that reacted with complement and 
conjugate even in the absence of an EBV-positive 
seium. These cells were not identical to the 



EA-positivc cells, however, when examined by 
two-colour immunofluorescence. 

Association of nuciear antigen with chromosomes 

Raji cells were hypotonized in 0.075 m KCl 
for 5 min before smears were prepared in the 



Ith complement, EBV-positive 
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Figure 10 

Reaction of Daudi/A9 clone 10 cells (human-mouse hybrid clone) with £BV-positive serum, com- 
. picmcnt and FITC-anti /?ic//?iA* AppJ9xiniatelj[^.25 %^ . ■ 



cy tpcentr^fugCv ... aad- iUbseqiiehtly;;; i sjajnedj;-" ib/ coii!r>Ql-^ pejl ' lings .(Xjablf^^Sfpi ^The. first; EftV- 
' ACIF;' The 6hrorSdsSw only wi'th the 

clearly visible and stWineci- by .* EBV»poSittvc7^ second serum (No. 49) 



serum (Fig. 13). There was no fluorescence 
associated with the cytoplasm of the cell. 
Daudi/A9 clone OR cells were incubated with 
colchicine (0.04 ^g/ml) for 4h to arrest a large 
number of cells in metaphase. The cells were 
then smeared and stained and reactive cells in 
metaphase selected with the aid of phase contrast. 
Again, staining was associated with the chromo- 
somes and not with the cytoplasm. 

Differentiation of EBV-related and non-specific 
antlnuclear antibodies 

Several sera known to have antibodies to 
nuclear components of cells other than the 
EBV-carrying lymphoblastoid cells were com- 
pared with two of the EBV-positive sera from 
Table I for reactivity with the Raji cells and 



reacted strongly with the Raji cells, very weakly 
with the MLC cells, but not with the other, 
control cell lines. The other sera stained several 
or all of the control cell lines as well as the 
Riui cells. The non-specific fluorescence varied 
from coarsely granular to homogeneous, and in 
some cases was much brighter than the finely 
granular staining of the Raji cells (Fig. 14). The 
mouse fibroblasts seemed more refractory to 
staining than the other cell lines. 

AClFtest with guinea-pig complement 

Raji cells were examined by ACIF with 
guinea-pig serum as a source of complement 
instead of human serum. Guinea-pig complement 
and anti-guinea-pig /?ic conjugate stained the 
nuclei weakly at complement dilutions of 1/10 



Figure II 
Reactic 
EBV-posit 
I % of the 



to 1/20 though not at hi. 
1/40). Human scrum 
reacted with Raji cells at 
of 1/10 to 1/40 but onl: 
was present with serum w 
The reaction with the ] 
nuclear reaction similar tc 
Raji cells with human se 
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Figure 11 

Reaction of Daudi/A9 clone 9 cells (human-mouse hybrid clone) with 
EBV-positive serum, comptement and FTrCnanti fiiclPiA' Approximately 
1 % of the celts gave nuclear staining. 



to 1/20 though not at higher dilutions (1/30 to 
1/40). Human serum with EBV-antibodies 
reacted with R^i cells at complement dilutions 
of I/IO to 1/40 but only background staining 
was present with serum without EBV antibodies. 
The reaction with the positive serum was a 
nuclear reaction similar to that described for the 
R^i cells with human serum as a complement 



source. It was easily distinguishable from the 
background due to the guinea-pig complement 
and conjugate, and was inhibited by first inacti- 
vating the complement at 56" C for 30 min. 



DISCUSSION 



Staining of the nuclei of cultured human 
lymphoblastoid cells by ACIF correlated with 
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Figure 12 

Negative reaction of Daudi/A9 clone OR cells (human-mouse hybrid 
clone) with EBV-negative serum as complement source and FITC- 
anti Ac/Aa. 



the presence of EBV-antibodies in the sera tested 
here. Such a reaction was observed with all the 
human iymphoblastoid lines examined, regardless 
of origin or EBV-producer or non-producer 
status. Although every cell line has not been 
studied by DNA-hybridization or complement 
fixation tests on cell extracts, current experimental 
evidence obtained in several laboratories indicates 



that all established Iymphoblastoid lines of 
human origin carry the £BV genome. Primate 
cell lines derived by transformation of peripheral 
lymphocytes by EBV were also reactive in the 
ACIF test. One cell line (1670) carrying HVS was 
non-reactive with five EBV-positive and five 
EBV-negative sera, while another line carrying 
HVS (MLQ reacted weakly with one of five 
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Figure 13 

Positive reaction of Raji celt chromosomes with 
EBV-positive serum, complement and FITC-antt 

PiClPiA- 



Figure 14 

N<ui-EBV-related antinuclear reaction of Vero cells 
with serum (e) (Tabic VI), complement and FITC- 
anti PxclPiA- 



ouse hybrid 
and FITC- 
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positive sera. Other control cells of human and 
mouse origin and having no known association 
with EBV did not react in the ACIF test. These 
factors indicated that the ACIF test detected an 
EBV-assoctated antigen localized in the nucleus 
of cells carrying EBV. Staining of cells in meta- 
phase showed that the antigen was associated 
with the chromosomes. 

In contrast to EA and VCA. the nuclear ACIF 
antigen was present in over 90% of the cells in 
cultures of all the human lymphoblastoid cell 
lines tested, but the relationship of this antigen 
to other EBV-associated antigens was not 
established. A likely candidate for the nudear 
antigen would be the heat-stable complement- 
fixing antigen which was shown to be present 
and identical in producer and non-producer cell 
lines (Walters and Pope, 1971; Reedman et al., 
1972). It was not established here that the 



nuclear antigen was identical from one cell line 
to another. Variations in intensity of the reaction 
from cell to cell or from smear to smear were 
partly attributable to technical factors but in 
some cases may have reflected a genuine variation 
in the amount of antigen produced. There were 
always some negative cells even in the best 
preparations. These cells may have been dead or 
in a non-reactive phase of the cell cycle. 

Non-EBV-related antibodies to nuclear com- 
ponents have been demonstrated in sera from 
nasopharyngeal carcinoma patients (Yoshida, 
1971) and infectious mononucleosis patients 
(Kaplan and Tan, 1968). Both entities are 
characterized by high levels of antibodies to 
EBV (Henle et aL, 1968; Niederman et aL, 1968; 
de Schryver et a/., 1969; Henle et a!., 1970) and 
EBV has been causally associated with hetero- 
phile-positive infectious mononucleosis (Henle 
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TABLE VI 

DIFFERENTIATION OF EBV-RELATED ACIF REACTIONS 
AND NON-SPEOFIC ANTI-NUCLEAR REACTIONS OF SERA 



Reactions of sera in ACIF test ■ 



C6U line * 



Origin (cell type)} 



EBV- 
negative • 

serum EBV-positive ■ 

(eom- sera 
plement 

source) 



Sera * with non-specific 
antinuckaj- antibodies 







2 


32 


49 




b 




d 








(control) 


(control) 


(BL) 


(NPC) 


(NPC) 


(NPQ 


(CMV) 


(CMV) 


Raji 


human 






+ + 






+ + 




+ + 


(lymphoblastoid) 


















Fibroblasts 


human 
(monolayer) 










+ 




+ 




Normal 


human 










+ 


NT 


NT 


+ + 


glia 


(monolayer) 


















HBT 


human breast cancer 
(monolayer) 








+ + 




+ 






Vero 


green monkey kidney 
(monolayer) 








+ + 










MNC 


marmoset 
(monolayer) 






± 




+ + 








L cells 


mouse 








+ 


+ 









(fibroblasts) 



NT >*■ not tested, BL » Burlciti's lymphoma, NPC = nasopharyngeal carcinoma, CMV » cytomegalovinis infection. 

* See Tables II, UI and IV. 

• — , ±, + and + + « negative, wealc, strong and very strong nuclear staining. 
» See Table I. 

•A 'fs* . -* Sera a^b, and c were previously^tested by Dr^ T..O.;Yqahida; scratd and e by Dr.H. Tht for noi>specific «tntiriudear antibodies. • 

■;■ :::--t'''--'^St®^- ^M^iiimM:y^^^^^^^ 



l^r.^^^^!^' table VI ql<»rly differentiat^^ 
' ^ v..,<t'antinuclear . reactions firom the EBV-related 
reaction with Raji cells, although this does not 
exclude the possibility that some of the sera in 
Table I could have had non-specific antinuclear 
antibodies as well. 

The ACIF test provides a sensitive method of 
tracing the £BV genome in cells where other 
EBV components are not readily detectable. In 
contrast to conventional complement fixation, 
this technique requires very few cells, and, under 
optimal conditions, should allow the differentia- 
tion of positive and negative cells in the one 
preparation. Thus, three clones of cells (OR, 
10 and 9) derived by fusion of a lymphoblastoid 
cell line and a mouse fibroblast line had 60 to 
80 %, 20-25 % and 1 .5 % reactive cells respectively, 
while a fourth clone was consistently non- 
reactive. These clones segregate in culture and 
preferentially lose human chromosomes. It is 



[' fl/.V possible : that par^ iciij^ hixman chmniosbmi^ or, 
i:ific\^yalteiiiativd a critical ' mimmujrn;%u^ 

human chroinosomes, -miist be. present 'bbfons the 
antigen can be detected. It is planned to conibihe 
ACIF, DNA-hybridization and chroihosome 
studies as the clones segregate to determine 
which, if either, of these alternatives is correct. 
Since the antigen is specific for EBV, it follows 
that all or some of the essential chromosomes 
must carry the EBV genome. 

In preliminary experiments, two Burkitt 
lymphoma biopsies also had nuclear antigens 
similar to those in the lymphoblastoid cell lines. 
These results with the biopsies are substantiated 
by the detection of EBV-specific complement* 
fixing antigens in cell extracts of several other 
biopsies (results to be published), and the 
demonstration by nucleic acid hybridization of 
the EBV genome in such biopsies (zur Hansen 
et aL, 1970; Nonoyama and Pagano, 1971 and 
unpublished restilts). Extension of these studies 



to other biopsies may help 
EBV in human disease. 
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to other biopsies may help clarify the role of 
EBV in human disease. 

The nuclear ACIF reaction was obtained with 
EBV-positive sera and either fresh human or 
guinea-pig serum, and specific anticomplement 
reagents, and was inhibited by heat inactivation 
of the complement source. The reaction was 
therefore attributable to complement fixation. 
Presumably, the complement fixation step acted 
as an amplifier to increase the sensitivity of the 
immunofluorescence technique as in other systems 
(Hinuma and Hummeler, 1961; Hinuma et aL, 
1962). There is no reason to assume that com- 
plement fixation was necessary for the antigen- 
antibody reaction. This reaction probably occurs 
ia direct and indirect tests as well, but is not 
readily visualized. 

The reaction of the complement alone with a 
small number of cells from some of the lympho- 
blastoid cell lines is in line with the findings of 
Floyd et a/. =(1971), who .used guinea-pig com- 
plement in an ACIF test similar4p th^^ 
here. The significance of this -reaction is riot 
understood. Since only 'a- smaU, minority of the 
. cells reacted and since rit)\eir appearance ^yas J 
entirely different froi^> tJie ;^peci6c^, ;,^ 
ireactidh, it presents ho: pr6bIeni<5 in evaluating 
the EBV-associated ACIF test. 

One non-Iymphoblastoid cell line derived from 
a glioma contained a low frequency of cells 
(0,4-3,8%) giving a nuclear reaction with three 
of the EBV-positive sera, while a fourth serum 
reacted with 22% of the cells. The myeloma line 
RPMI No. 8226 contained a few cells giving 
nuclear staining with three EBV-positive sera but 
not with a negative serum. The cell lines derived 
from normal glia and sarcoma contained a very 
low level of cells (0.1-3%) reacting in each case 



with one of the positive sera only. Unlike the 
lymphoblastoid cell lines, the majority of cells in 
these cultures were non-reactive, and further work 
is required to determine if these reactions are 
EBV-related or not. 

Since the nuclear ACIF antigen was present in 
most cells of the reactive cell lines, its presence is 
compatible with continued cell growth and 
multiplication. As such it is an antigen induced 
in non-permissive cells by EBV, in contrast to 
VCA and EA, which are produced during an 
infectious virus cycle leading to cell death. It is 
tempting to draw an analogy between this antigen 
and the T antigens of the papova virus systems. 
Further study of both types of antigens is 
potentially of importance in understanding the 
virus-cell interactions that are relevant for 
oncogenesis. We propose that the nuclear 
antigen in the lymphoblastoid cell lines be 
referred to as EBNA (EBV-associated nuclear 
antigen). 
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LOCALISATION CELLULAIRE D'UN ANTIGONE ASSOClfe A 
L'EBV (VIRUS D'EPSTEIN-BARR) ET FIXANT LE COMPLEMENT 
DANS LES LIGN^ES LYMPHOBLASTOlDES 
PRODUCTRICES ET NON PRODUCTRICES 

Les auteurs ont utilise Vinvnunofluorescence anti'-compiement (ACIF) pour 
etudier les mtigknes des lignees lymphoblastotdes humaines qui fixent le complement, 
Ces lignees cellulaires portent le genome du virus d"* Epstein- Bar r (EBV), mais seules 
les cultures synthetisent des antig^nes specifiques de rEBV (antigene des caps ides 
virales ( VCA ) et antigene precoce EA ) ) decelables par immunofluorescence directe 
ou indirect e, et ce generalement dans mains de 5% des cellules. Le test ACIF a revile la 
prisence d^un antighne localise dans le noyau des cellules lynyfhoblastotdes, Contralre- 
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ment a VEA et au VCA, cet antigkne apparaissait dans plus de 90% des cellules des 
cultures productrices et non productrices. Uantigene est specifique de VEBV^ contme le 
montre une comparaison des reactions de 52 serums dans le test AC IF, Les serums qui 
donnent une reaction nucleaire contiennent des anticorps con f re le VCAy l*EA ou des 
antigenes decelables par des tests de fixation du complement sur des extraits cellulaires, 
mais les serums depourvus d^ anticorps anti-EBV ne reagissent pas, Les auteurs ont 
constate des reactions faibles, equivoques ou discordantes avec six serums se carac- 
tirisant par un faible titre de VCA, d*EA ou d^antigenes deceles lors des tests de fixation 
du complement, lis ont remarque une reaction nucleaire dans les lignees cellulaires 
obtenues par transfi)rmation de lymphocytes d'humains et de primates par VEBV, Les 
cellules temoins qui ne semblent pas associees d VEBV ne reagissent pas, II s^agissait 
de lymphocytes fixtaux transfi>rmes par la phytohemagglutinine^ de lignies cellulaires 
derivees de cancer du sein, de gliome, de nivroglies nor males y de pleuresie maligne et de 
myelome, ainsi que de deux lignees lympholdes de ouistiti porteuses du virus herpetique 
saimiri (HVS). Dans des experiences preliminaires, le test ACIF avait etc utilise 
pour depister le ginome de PEBV au niveau ceilulalre. Les cellules de deux biopsies 
de lymphome de Burkitt, les unes testees apres la biopsie et les autres apres passage sur 
des souris " nude contenaient un antigene specifique de rSBV, Trois clones de cellules 
derivees d^hybrides de cellules somatiques de souris et d*une lignee lymphoblastolde 
humaine contenaient aussi cet antigkne, mais le nombre de cellules reactives variait d^un 
clone a tautre, Un quatrikme clone ne reagissait pas. 
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,^:feini'B.3rr virus (EBV) was discovered in 1964 
.^.J;??!: h^^iuinng in t5K> 1940s, D^ois Burkitt, a Britisli 
missiorjary s\iiB«>ri, obriorvi^d and ti-eatcd children with 
^. . i>r<.yi9;is^^ lymphomas. He noted 

•. pp*. riii? ij/iiiphonjas mc^ frequent in regions of equator- 
... i.diAfrjca syUb iioloendentic malaria and rarely occurred 
ehmhc;^. Burkitt wrote and spofc^ widely about the 
r:iN^iiSl.i5^^^^ and clinical features of this lym- 

; plv?i!na, m^inj? the specter of an ijtfectious etiology (81). 
v^^^*r.h(^«mg.Eq^ki^^^ about this new disease at 
.,Brf$j:ol Un(ye5;$ity».T<n Cpslein arrajiged coHaborations 
j.^f\?';'^/^v:^"^^^w bippsi^'f,. ^ad.i^uoceeded in.culturing tlie 
iJr7^photn& cdli Epstijin, Acliong; and Barr identified a 
/•h«q?pe«^>ws uri&Jectron nVterograjplii? of the tumor cells 
|r9>viug ii3 Pultu^r.. Tliijy showed th?:it the virus dift'cred 
.: 4:c^ tp^&noi^it Miim-\ hevpdviruise's in being unable to 
. 5^Fia^^^<^SJ.^!|oi^^ and ^ being oonreacthre 
^,^#^itm;^^^^^ k-mm kiWwm herpesviruses. 

. BP*?/ bfecmne^.th^ ftn^t cindid'ate hvirri^n tumor virus, 

: (Xitentlaily .onc'vigcriic hevpepviruses; The ganuna her- 
Vf^\i\^ ljuWfimily incJi;«dJ5s'both the gamma 1, or Lym^^ 

J^t^t^^^'^^r'^^ :ft'CVj, and #mma 2, or Rhadinovinis 
\^^y\ m^^i^' BCV h the only human LCV. and the 
m6)Ml^ discovered Kaposi *s .s'arcoma-associated her- 



pcsvirus (KSHV) is the only human RDV (93). Her- 
pesvims saimiri (HVS), an RDV that was discovered in 
New World primates and found to cause lymphomas in 
experuiiental infection, wa5 the previous prototype RDV 
(10). Many Old World primate species have their own 
endemic LCM and recent evidence suggests that some 
New World primate species also have endemic LCVs 
(61,207.244,246.313,457.474,676). In contrast,. RDVs 
have been identified not oidy in many primate species but 
also in many subprimate mammalian species (9,11,188, 
858). At this stage of accumulation of LCV and RDV 
DNA sequences, RDV DNAs are more diverse than LCV 
DNAs. The etidemicity of RDVs in a broader range of 
mammqlian species and their greater genome divergence 
are evidence that RDVs evolved eadier than the LCVs. 
Given the many similarities of the LCV and RDV 
. genonies and the restriction of LCVs to primates, LCVs 
are likely to have evolved from an early primate RDV 
This would explain the presence of LCVs only in pri- 
mates, r 

The LCV genomes arc very similar to each other in 
structuriJ and gene organisation. In general, their DNAs 
are composed of colinearly homologous sequences. The 
EBV genome organisation is shown in Figure 1 and com- 
pared to that of KSHV The schematic diagram is based 
on the published analyses of KSHV DNA sequences. The 
LCVs share structural features such as similar 0.5-kbp 
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cosmmuiKjrtT&ripltared \vif^) ff fiNA-3C, EBNA-3C 
apl)e*tnicJ: to oo4oc'rJai5 witli ProTa in nuclei (128), 
= Thosie. dktm 'iMmir? that e-8NA-3e could be involved m 
trin^Ci-ip£K>nal.effe::tj^ through intouotion with ProT-a. 
. .hUHk-'Hh aU.o vepniss.ci> the activity of the Cp pm- 
roDter in B cella am] m epithelial cells, and this activity 
laigely <iepcnd^ on rkt domain, through which EBNA-3A 
iM(!tracfe ^.vith (122). Using Gal4 EBNA-3A 

fiiiiiot5 pTOtdtts aiid G3l'-4-rcijpo.nsiva promoteifs, the 
B8HA-3A i!S|>r«SHive domain .ha^ been mapped to 143 

• usBiao fioids cbat do not inimct wiih 'RBP-Jk and can 
-. iue.di4t> down-ii^guisfc of rratLScription (71,122). 
. SBNA-JJA also has a poteafJa] weak activaition domairi 

that is e^id'Snt whi^n h:BMA-3A lackiiig the amino acid 
iOO-t<sH64 reptmlvc doi7\ain are fused to the Gal-4 
DNA birvding dottwin and expressed iiVB lytnphoblasts 
f^lc«ig-,vi^h a Oj3l-4--re5pomive pvomotcf (122). The acti- 
smipii efects cippt52it to be B <6tt specific and are aot evi- 
dent in. epi?helia) cells. EBNA- 3A used as bait in a yeast 

1 nw-hytjri^i 5<2ftrch Jor. inUitacting prJoteins euriously 
retrisivod \hei oftitboxyl part of the epsiloa subwiit of the 

- Ch^roairt X;Com^bx protein 1, mi the p38 subunit of 
"! tt^it • ■ ait]l^l 'hydrcc'arbon reef plor ' complex (401,402)!. 
EBNAi3 A; Wads ti.> p3S and causes p38 to partially locals 
i7.fi the p.o.cJeu'A (401). 

BBHA^i ininatty idtintifi^d as m EBV nuclear 

• oettautigfcii that is present in EBV-infeeted cells> 
■ M?g3Ktle53 of. the 'State of SBV infection (682). This was 

• fiw fiBi'McieriCe tha* £15 V encodal a liuclcar protein m 
latently rntfjet'rd ctW^i, perhsipjj similar to I antigen in 
simiaii virar. 40 {SV40)-tramforined cells. Soon there* 
after, libNA-l was shown to associate diffusely with 
crritotic chfomo^orno?. (625). EBNA-1 is wuqiie mnong 

-the ]imm in thi^ v^gard (274,652). The slgmfic^nce of 
EBNA-1 ay.^ocidtion with ch^.-omoson^es emerged later 
ft'Otri. she dK^covitrjf Umt .BBV has a cis-acting element, 
r<5rmed oriP, that emtbfes the persisccnice of episomes iu 
= BW^^infectcd -cci^S or in any Kimian ' cells? in whicK 
Ei^NA-i mpre6scd (906,910). EBV : add other oriP- 
cooJaiaing ep?soif*cs a-wociats i-aadornly with human 
cbxmohomc-s ir^ cells rk^t expitiss EB'NA-1 (159,299^ 
753),- The iimqiK- random association Of E8NA-1 with 
^ c]iit>masotvie.\tho n^isoeiatwn of EBV of other oriP plas- 
: irrid Dl|i/v.witb. d3rofiios.ome^^ in EBNA-1 expressing 
: ij^ltfe ajill rtie ne^ for BBKA-l In oriP persistence, posi-: 
don EBN.V), a-5 ibc key rnediaior of BBV DNA binding 
; t<7 "Chron'it>/SOm':5 ' and epifiome persi'sfecnce. Indeed' 
BONA- 1 i« essential for EBV episorne maintenance 

<?riP [vii Iv'ast t^vo oompcnents: a family of 20 
^ c^}ixie^:of % 3!>bp m^^u fR, that can be an EBHA-U. 
..:<i<?f^endtabr ^voh^ a .dya^ symmeh7, DS, of four 

' copies 'of the 3'0-bp repeat, two in tandem and tvi'o in a 
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larger dyad symmetry, that arc required for cpisome 
maintenance (683,684). A key component of the inecha- 
nisrn by which this system works is tliaC EBNA-l binds 
specifically to the 30-bp repeat (most strongly to tlie 
20x30-bp repeat element) and then to the dyad symmetry 
element, and to another site within the EBNA transcript 
(681). An EBNA*1 expression vector and oriP can be 
combitied with a cassette for positive selection to make a 
plasmid into which any gene can be cloned to enable its 
maintenance as an episome in human cells (784), The 
EBNA-l and oriP system has been widely exploited to 
achieve heterologous gene expression. In one use, oriP 
enabled plasmids containitig 150 to 200 kbp fragments of 
random human DNA to persist as multicopy episomes in 
EBNA-l -expressing cells. Two such plasmids could per- 
siiit iti the same cell (792). Although essential for oriP 
cixablement of plasmid persistence, excess EBNA-l 
expression does not increase oriP-replicated plasmid 
copy number. Cellular controls limit DNA replication to 
one initiation event per DNA molecule per S phase 
(2,909), and equal numbers of plasmids are disti'ibuted to 
cell progeny (787). 

EBNA-l is encoded by the 2-kb 3 '-terminal exon of 
spliced mRNAs. In type 3 latency, the 3.5-kb EBNA-l 
niRNA is initiated at tlie Cp or Wp promoter and is highly 
spliced, and the primary transcript is about 100 kb (see 
Fig. 3) (62--66,317,326,327,719,774,788). Transcription 
from tlie Wp promoter is initially regulated by cellulair 
factors- Wp is up-regulated and Cp turned on by EBNA- 
2 and -LP. EBNA-l then further up-rcgulates Wp and Cp. . 
Eventually, high-level expression of EBNA-3s down- 
ntodulates the strong up-regulatiug effects of EBNA-2 
at\d EBNA-LP and prevents runaway EBNA transcription 
(295.468,665.692,693,788,793,886). In latency type 1 or 
2, the EBNA-l -specific 2,4-kb mRNA is primarily itiiti- 
ated at n62423, with secondary sites at 62392 and 62340 
in the prototype B95 sequence (36,61 1-6 14.733), This 
latency type 1 and 2 Qp promoter lacks a recognizable 
TATA A element Transcription appears to be positively 
regulated by an unknown factor, LBP-1 (611), by IRFl 
and 2 (613,731), and by E2F (612,794), which bind to 
thice distinct sites bracketing the n62423 initiation site. 
The two EBNA-l buiding sites just 3' to tJie transcrip* 
tional start site are the principal elements that self-regu- 
late EBNA-l transcription in latency type 1 and 2 
(720,732,794). Similar regulatory sites are conserved in 
the baboon LCV(71l). 

EBNA-l from the prototypical B95 EBV strain con- 
sists of 641 amino acids. The protein has a high proline 
content, is charged, and migrates on denaturing polyacry- 
lainide gels vyath an apparent size of 76 kd. From amino 
to carboxy] terminns. EBNA-l has four components: (a) 
an amino-terminal 89 amino acids, which include amino 
acids 32 to 83 and are Arg rich, (b) amino acids 90 to 327, 
which are an .iiTcguJar copolymer of Gly and Ala, (c) 
amino acids 328 to 386, which are Arg rich and include a 
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K>caii>it?ou sequence at amino acids 379 to 386, 
and (d) caj'bojtyl-temnn;^ I amino acids 387 to 64 U which 
.. .wwludo m-iiwo acids 459 to 607 .tiiat bind DNA and 
dmiciizf:. two Aig^rich regioi^s of BBNA-.! amino 
^ci(k^ \ io 37?. can each bind to. chaomosomes and 
tiiijetiici' reconstitute gte chromosome association chatac- 

acic^is 37^ to Mi appear to pe rmit initial accumulation of 
. . <;riP<^n(Hiiii^ag.plasn>ids ,it> cells, die chromosome-asso- 
. cijithig. dwaixis m .uecicssary for . long-ter m plasmid 
; . riiiiinterJenc?;; pr^^^^^ of; their role in mtcr- 

.... .-^^^S^}^' >'ith i-ii^pHK^ proteins (349). and. partitioning 
. - 'i>riP episoiyicis to; progeay| nuclei; Cellular ctaW^^^ 
proteins, JafOtl amiria acids 1 to 90, or.histone HI can 
fwictionaily.-fabstitutefor^ ^mino acids I to 378 

in cnMk\g ion$-xmn epi^joinc pefsistcjice (360), 
.... ldciitirimion;,.of the biochemical interaceions of the 
' El^M cus-bpxyl-terrnijiat domain vi^idi oriP is facilitated 
by liigfa c^iij^ression \QVtl of the ESNA^l carboxyl tcr- 
muMiS'. in bacteria- or baculovirus-infccted sf9 cells 
:QSiW4), EBNA-l <jniino acids 450 to 641 or 607 have 
sJmiljar DNA binding and dimeri^ation activity to fidl- 
:Amm mnAA (26,27,391,573,681). rh^ core amino 
9.cid5.fbf DNA inleractioii are amino acids 459 to 500, par- 
v4m^.thc corciresidues for dtmer-. 
i^aCiOiiaie oiiEiiuo acid$.501 to 532 and 554 to 598; A dirncr 
; of aa X:BNA-1 oligopeptide con^sponding to amino acids 
, , p^A^. -^JS c^w bind0NA,,al^ . 
. :^ :p Swi^prliji^gjy, ^kipk sjci^s 450 tO 641 f\im to the xf>*rUvate 
^rtt - ^^-VEBNA^I nucloarr localization signal 

arc suf^icipot for wild-type RBNA^l transcriptional 
. . .p?t^vii%a teoiigh. m upstr«.w of a minimal TK promoter 
. HI V6:fo c^jis, and the airboxyl-teraimal acidic domain is 
.critical tbt octiVHtioa (26). 

JKaoh 3.0^bp, EilNA-rl dinier-binding site is a partial 
d>'3<i c^imitar '.to TAOOATAGCATATGCIACCCA- 
. QAtCCAG (27,391,681). Relative to the center of ^ach 
. ■ mlt.pf trie dyad, Auciebtidcs 3 to 8 are most critical for 
, . iifiiMA -i..bmdin8 (27). BBNA-1 has a.high affinity for its 
cog{^H|6.^8^tiuoncei, aji^ interactions; with the cognate 
d^^raonstratcd even after, protein dena.tu- 
; rnnci^x mid raiatufatiou on Qellulose nici^ate. EIJNA"-! not 
only; iiimciices on SO-bp elements but; also forms higher^ 

• ■ • '*?[^*??v;?H^<'R?l*^-0^^^^ KBNA-1 on tern- 

Jbaf have BBNAr .1 bmdiug sites separated by inler- 
" v<;ntng sequence induces looping-out of the inteivening 

• ^^<:^^^0^^^^^.m). OnoriP,£BNA-l first saturates 

. . DNA iaNA;ramino acids 322 to 377 are impoi 
fciai fcr dKin^nt looping of EBNA-i bound to FR and 
. D^., or for linkixig,muUipb otiP DMA molecules to each 
Citliep m a larger complex (228.518-^520). Only DNA- 
rn^^'^'!"^'?" ' J^aiticipatc in the large, linked 

TKc Wilding of EBNA-l t<> oriF resnlls in two thymine 
resniuea, 64 bp ap.art in the region of dyad syrnmetr>', 



becoming reactive to potassium permanganate, indicative 
of a helical distortion. EBNA-I binding to DS lengthens 
interatrand H-bonds for three base-pairs centered over the 
permanganate-sensitive thymine base and three potential 
intrastrand H-bonds are formed between adjacent bases. 
Dimethyl sulfate protection studies indicate that EBNA-1 
binds on the opposite face of the helix from the reactive 
thymines (229,307). Analyses on oriP in EBV-infected 
cells indicate that similar permanganate- and dimethyl 
sulfate-'^reactive sites exist in vivo (344). 

Crystal structures of the EBNA4 carboxyl-terminal 
255-atnino-acid dimer have been resolved at 2,5 A, and 
of the dimcr of cognate DNA at 2.4 and 2.2 A (58-^0), 
The BBNA-1 DNA binding domain has two structural 
motifs; a core domain that mediates protein dimerization 
and is similar to tlie DNA binding domain of the papillo- 
mavirus E2 protein, and a flanking domain that mediates 
sequence-specific contacts. Genetic and biochemical 
studies of the EBNA-1 core domain residues, which are 
structural homologs of the E2 resldiies that mediate 
scquence^spccific DNA binding, implicate the corre- 
sponding EBNA-1 residues in DNA binding. The EBNA- 
1 coi-e domain, when expressed in the absence of the 
flanking domain, has sequence-specific DNA binding 
activity, and the flanking domain residues contribute to 
the DNA binding. Thus, both Hie core and the flanking 
domains of EBNA-1 play direct roles in DNA recognition 
(132), 

Only seven to eight copies of the 30-bp repeats are 
required for full activity of FR in transcription or episo^ 
mal DNA replication (893). BBNA-1 binding to FR may 
eftect up^egulation of the Wp and Cp promoters and of 
Hac far-upstream LMPl and LMP2B promoters 
(241,665). Ihe requirement for FR to enhance transcrip- 
tion and for episomal DNA replication can be partially 
replaced by a tandem duplication of DS (893). Tandem 
duplication of DS decreases its ability to serve as an ori- 
gin (655). FR also arrests and functionally terminates the 
replication of episomes containing oriP in cells exoress- 
IngEBNA-l (167,240). P 

FR increases tlie retention and enhances transcription 
of oriP plasmids in cells, whereas DS is the site of initia- 
tion of plasmid DNA replication (300). DS supports 
EBNA-1 -dependent I'eplication in the absence of the PR 
(908), DNA synthesis begins in DS and proceeds bi- 
directjonally from DS (240), Plasmids containing two 
copies of DS are not amplified relative to wild-type oriP 
(431). Two EBNA-I binding sites in DS appear to be ade- 
quate for initial DNA rephcation (300,908). The ease of 
unwmding the 65 -bp dyad symmetry of two EBNA-1 
binding sites in DS, or relative nucleosome sparing in DS 
(i.e., relative to other sites in oriP) may contribute to the 
preferential use of DS as an origin (744,882). DS is not 
stringently required for episome maintenance, and other 
sequences can substitiate for DS in initiation of DNA syn- 
thesis (109), including another site in oriP, designated 
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: • : • :'-^«:Rep*^ (i*32>t C>S| 1$ also i\ j)refcre.ntiat but not exclusive 
> * " • ;^v^ite tc^flRBY.getibs^i!? f^f)] legation, and dii^letTon of DS does 
; • : .r: uut pcevmil 'EB'Y epwms persistence (50 (,61 7). 

• 'V. : i i -At lii*:4sr 'on? ^oellul^ir cofiictor that fs' not coiisei-ved in 
• " . .rodent ceils n?<|uired for E>S origin function and act for 

; ^ 'iTR e^i3t|in(5^^ enhances transctipliOA 

f).;%..P\oii% iif.1ffi^^^ cpisohies do nbt 

; 5 h'U^^PH«fit0 i4 ;rodg^i^t^^eJl$ (1893). R^licatiou4jv rodent cells 
. = ^c^ bjEi«;ros0rect^ trepSaciiig DS with n rodeat DNA:ori- 
. ... ;.:::^}n; i^fecV|)tr^.pJ'e stiU 'depen^^^ on the ^iibancer 

• . • MnmoticHi ojf; MKA-1 and &o family of repeats (447). 

. :Sh;oHarly».bnma^^^^ DNA. that contaios ^ pxitati ve origin 

• * :for DNA rdplicatton can flwi.ctionaily substitute for 15S In 
; =; v^'oriP Kr4lic*v^p'eN.s(t«nce sts ait ^ipisocne in human c«ll.s 
\ -jl ;> 1.(448^5 A M^^^^ that 
' ' ^encodes a prbtei^i thai intetiic^ts specif icully with EBNA- 
' • -^-roM cognMn DNA!^' ai^;hC>ugh the relevance of this pfotetfi to 
, . :^7r-ofif J'UapriOB u^/PNx^ss^ not-been established 

The rabil'ity of iiep*, humari/cell DNA origins, or 

:: -:. ;irw{eiit;>t^ll.;p for DS in the con- 

. : f-^rtext o£;'<iri'i? Ip ;^^^ cell, calls into 

f - j<p3«?!>tiqn:tto![' rpiD of EBNA^l in DNA rcpU- 

^ f=7;catior} -yetii^psr ^jp^isome per:3ktonce (8X - indeed,- oriF 
: ; : ^ jtecteas^? ttie •cxirivei^iion of transfected p.touid DNA to 

• 'y^^ ;^ptn]':i^^iii^nQ0:^ \ Orfeld tii the ^^il^sehce of EBNA-1 
1%\ 'BW'^-Wi^^fM^ Vmf^fi- etha/aSout^ 50-fbld".ih tiie 

jr^jcyete^^^^^^^^ evkfouced by Dprtl resis* 

? ^ t \ tiin<;<^ i^fid ^ by.- =tel:o)inodcoxym'tdme iticorpbration. ' 'Jlie 
v;:> ivj jm^jor^RB jeiiieot ^ocur^^d at 56 hpur« ajfterfratofcc- 
' i «1 jMhi.c|}^po|^it: D^^ DKA disappeared from 

.^j, r;|.|c^iil&;t^t,l^ wa^not spccifioaliy 

rt-^fqui^^ vri^ a ti'ipiicate of Rep* 

• -: pNA jdjJlii^gtej ijvd p^rsist^ as well as wild-type oriP in 

&BN<2t.];:5riiijlO::aoid>; 90 to 327 are an irregular 
tjs^i r;5^ycih^ra IJie DNA encoding this 

;.:^iipm^i«;iM^W rep^^at; $c<pi^es in cell DNA, and 
."|;^ -!?ShVrtlar jmary^bo encoded from the cell 

::| :;-g«nomc^ :p:i25;:g^^ isolaitcs ftt^iuently differ In the 

^teigth '(>f:xim This difici;ence. has been useful in 
i|^;J^j^mifyt^ cy^p add typing EBV isolates 

Hi;;.-. ^ ^04,2<i^7r^,32f ): Deletion of the repeat docs notaflfect 

rEBNA-isitibility or function (907). KBNA-1 expressed 
^ ; f ife mMTiB^ c^lti dK^eji not 3itgend.ir a specific cytotoxic t- 

M^'V" f^®?^?^ 4j^for^Ma:rs due tothe £BIW-1 Gly-AIa repeat, 
' 1? i?AitW^ihj% proteosoTQCS 
g!- ;^?477)/BeGa^& ^rot^^a^iiome-niedjatod degradation is nee- 

^; i:^i)y;cqji^l<ix'{!^ molecules for presentation at 

Jr-^tfe:^':li^ rn :fiRNA>^l are poor targcts'ibr 

iii^teck by C;D^^ ^^^ T^cell.^- Fusion Of the Gly-Ala 
= ;Vclc?0iai«: j io I xhfi ;pBNA*3B : ORF down-^regulates CDS 
■1 :^i!^?:igmr:i^n ^^f EB!^-3B-cxprc33ihg ceUs. Other ptoteins 
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are also protected from proteosome degradation by fiision 
to the glycine-alanine repeat (746). The length of the 
repeat arid particularly the alanines ai-e critical for this 
effect. Priinate LCVs have shorter Gly-Ala repeats that 
do not have a similar effect on proteosome processing, 
leaving open the possibility that the Gly-Aia repeat 
domain mky have yet another role in EBV infection. 

■ EBNA4 is very stable and is phosphorylated on serine 
residues itl at least two separable domains in the carboxyl 
half of tiiB molecule (308,652.658). The role of these 
phosphorylations in EBNA-1 function has not as yet been 
established through genetic analyses. Further, EBV DNA 
in hximan cells that express EBNA-1 associates witli the 
nuclear matrbc. The fi^gment of EBV DNA that associ- 
ates with tlie matrix includes oriP, potentially linking oriP 
to a site for DNA replication or transcription. EBNA-1 
can also interact with diverse nucleic acid substrates in 
vitro, inclqding EBER-l and HIV-TAR (768). 

EBNA-1 is the only EBNA that continues to be tran- 
scribed when cells are activated to lytic infection 
(317,706,873,877). Cp and Wp promoter activities cease 
in lytic infection, and the downstream Fp promoter is 
activated (6 1 4). The lytic inRNA initiates in an Fp pro- 
moter just upstream of the Qp promoter and otherwise 
. has tlie same sequence as tlic latent infection RNA. 

}LMPI * 

Despite being a weak promoter for the LMPl gene rel- 
ative to the Cp and Wp EBNA promoters, as revealed by 
nticloar run-on aasays, LMPl mRNA is almost 10 times 
niore abundant than the EBNA mRNAs in latently 

= infected % lymphocytes (212,720). In epithelial celts, 
LMP 1 transcription is mediated by an upstream promoter 
that initiatos ti^scription ftom multiple TATA-less sites 
in the nearest copy of TR, resulting in a 3.5-kb transcript 
with a long, lai-gely imtranslated 5' exon (251,715). The 
LMPl trailscripts have two short introns (44,212). The 

. EBNA pi^teins are remarkably stable, whereas a signifi- 
cant fraction of LMPl has a short half-life. The primary 
amino acid sequence of LMPl is that of an integral mem- 
brane protein and includes at least three domains: (a) a 
• 20-araifio-4cid, arginine- and proline-rich, hydrophilic 
araino temiinus lacking the characteristics of a signal 
peptide; (b) sbc markedly hydrophobic 20-am.ino-acld, 
alpha^helical, transmembrane segments, separated by 
five reverse turns, each eight to ten amino acids in length; 
and (c) a 200-araino-acid carboxyl terminus, rich in 
acidic residues (Fig. 8). LMPl, translated in vitro, post- 
ti'anslationally inserts into cell membranes consistent 
witii the expected membrane insertion properties of the 

; three pairs of highly hydrophobic transmembrane seg- 

' ments joined by short reverse turns (490,492,724). 
Although LMPl has little primary sequence homology to 
other proteins, aspects of its thi'ee-domain organization 
are similar to some other integral membrane proteins 
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; 2582 */ 11 Spfo»^ic ViKus Families 

. um ?g.ppriis:scd ^iid viral tcanfycriptiort is limited lo the 
wncoding BBER2 and pps.'iibly 'the BaiviHI A RNAs; tWs 
; ii; ecinivalertt to the Latency 0 form of infection postii- 
laired ivi Fi;^»ure } . 

Aiiiayi:!'? of lymphoid {minly tonsillar) tissues irom 
viriis carnc!-^ ^nggesis iUt, the proportion of B colh that 
■caay fee vinis here k ugain -vevy low, similar to levels 
s^m m the blood (] l,?A33(K). fn sttti hybridization on 
tlsm) sccticTxis ifJcntiljes occasional EBER-positive 
tclh^ again ^ijiuaUy vvitliin extrafollicular areas, which 
have the. ^p^iwrncfs^ of smaU B lymphocj^es and show- 
no evideuce of F,HN A2 or LMP I expression (1 7,330). A 
imit' ^(rmpii^ic histologic piQtMre .may be easier to dis- 
. wciif hawevcr, in the Toivsils of virus CRrriers from areas 
where par(x^?.Kic infection provides a chronic antigenic 
, ^iitmoh^^s to tha B-ceU .§y$lcm...rn such circumstances, 
' iwait. *^^^ §u|:gest5 th^yi t^ie extrafqlliculsr load of 
; . .EBE*R-po$itLvc snmU B cells is .slightly elevated and that 
In >omij C4'-ie<} FiBERr-positive centroblasts. always 
• BBNA2-^ncQf.'it.tvi3 bil occasipnaUy expressing LMP 1 , arc 
d^tccubic witlun germinal c^riti'es (17), Such findings 
wcukl be conST^tetEt v/ith ft recent RT^'CR analysis of 
EBV gc:n£ tianscripiion that has detected LMP J, 
; : LMnA^ and Qp ^initiated liRNAl mRKAs both in tJie 
. gdtnina? ctiiuer B celt IgD-^ and in 

<:be nicsviofy D cdl .(CDJ9^ .(gD-, CD77-) compait^ 
. tmm of totisinai: lymphocytce- (25,26). These appear to 
: . r^pi:iN^kmt imtl\at!oni3 from die preexistiog memory cell 

■ pool rather th^n c/e hovo infections because such tran- 
script vvcrc tonsioi^ntlj' prc-$ent in tonsils whetlicr or not 

. . there ^^ui; rv'ir^ace of oti^^oir^g virus replication, Inter- 
; . cstmgly/CpAVp-initiHted EBNA transcription, diagnos- 
. l!o of gi'owtJi- tra.ii^f;:;^rrning Latency III infection, v/as 
found oiily in . to^dl^i in which virus replication wus 
Qccumnjf lo provide a source of progeny virus for 
ntn-o inftciions (25), Therefore, reactivations from the 
: • liKCTvtSy Jtifi?c5a3 fn€:mOry B-cell pool and de. novo iafec- 
; :• ;t:WjM^?i may.be occurring aicbnlfeineoosly in the lymphoid 
: t;r>^.ue> of vji:u$ Cs^rriers but are. likely to involve different 
. progrtiitis of virus gene asprcssion and lead to different 
outcr>mec!. 

Tb^ qmxnm of B'<-c\i differentiation sttiges repre- 
; 3<in?ea withi?! !:yiTiphpi4 Ui;8ue&. h much broader tl:an that 
: i:epi%^?.chted in peripheral blotxl and" the resident forms of 
^ .EBy infection Are corr^spoiuJiugly more heterogeneotjs. 
' TBV h33 evolved hieciiattisrtip; fo colonize, persist witliin, 
and fecinfjv3te fi'on:i tl)e hurnan B-cell system tliat very 
• probably exploit trnxml B-^cell phj^iology, using differ- 
; !?nv|£?j.lpij^depcAd:enl: cellular coulrols to activate or sup- 
i ) ; prcfs^ ditfet^m , pfogtani^ of Viral • gene" expression at 
ti.me5i;m,th;e^ hiistory.of the infected cell, 
: ^tbcvftU^igprd^l^^^ viral Strategies :isj only just 

...'l^ijHrjg. rc<^li^od,/»nd any carrciit attempt to m^p the line- 
,-age, kinetic, acfcd ^atomic relationships between infeoted 

■ c^M^n vivo (see Istet oven'ievi^ section) inuat be regarded 



ANTIBODY RESPONSES TO INFECTION 

llie setx^epidemiology of EBV infection and of EBV- 
associated diseases relies heavily on a set of immuno- 
fluorescence assays developed in the laboratories of 
Werner Henle and George IClein v^^ithiu the first decade 
of EBV research (126), Ihese measure antibody 
responses to the following serologically defined anti- 
gens: (a) the EBNA expressed in latently infected cells; 
(b) the early antigen (EA). divisible into diffuse (EA-D, 
methanol-resistant) and restricted (EA-R, methanol- 
scnsitive) components and expressed within cells early 
in lytic cycle; (c) tlie virus capsid change (VGA) 
expressed within cells late in lytic cycle; and (d) the 
membrane antigen (MA) expressed on the surface of 
cells late in lytic cycle. As described in Chapter 74 
(245), each of these **antigens" is a composite of several 
distinct viral proteins. Thus, EBNA is a complex of six 
distinct nuclear proteins, EBNAl, 2, 3A, 3B, 3C, and - 
LP, with antibodies to EBNAl being the most frequent 
(but not the only) reactivity detected in the conventional 
anti-EBNA immunofluorescence test, EA is a plethora 
of immediate-early and early viral proteins, including 
the BZLFl immediate early and the abundandy 
expressed BALF2, BHRFl, BMRFl, and BMLFl early 
proteins, Much of what was termed VGA reactivity is 
diffuse cytoplasmic fluorescence and is directed against 
virus-encoded nucleocapsid components, including 
BcLFl, BFRF3, BLRF2, and the glycoprotein gpHO, 
v/hich are expressed in late lytically infected cells. On 
the other hand, most MA reactivity, detected by im- 
munofluorescence staining of living cells, is directed 
against gp350, the most abundant viral protein present 
both on the surface of lytically-infected cells and on the 
viral envelope. Although less frequently assayed than 
anti-EA and anti-VCA, anti-MA levels in serum are of 
particular interest because they tend to correlate with 
virus neutralizing activity. 

For clinical diagnostic work, attempts have been made 
to replace the above assays with enayme-linked immuno- 
sorbent assay (BLrSA)-based or other tests using as sub- 
strates either individual EBV proteins expressed in 
recottibinant form or synthetic peptide mimics of im mun- 
odominant epitopes. Several such assays have been devel- 
oped for the detection of primary EBV infection, based 
on IgM antibodies to the BALF2 and BMRFl compo- 
nents of EA or to the low molecular weight VGA compo- 
nents BFRF3 and BLRF2. Screenmg on combinations of 
such antigens is still recommended for diagnostic accu- 
racy (57,450). 

Responses in Primary Infection 

IM patients again provide the bulk of information 
available on the primary antibody response to EBV; 
what little is known about asymptomatic prianary infec- 
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: >!*f ■''i'^^sl .tite^^ mTtlbodiesi. to ^VCA and rising. IgG 

j^i-i-/ . 'titg*^ both to VCA to EA. {most frequently, to the D 
. - ^ r&itj)0ftse5 to these antigeiis may also 

intt'this has not beoh sys;- 
M^.iiiv^V:*^ 5^J^a^j^2iUy studied. The IgM aiiti-VGA response subse- 
•44fr!r ^ ':=iiiUtJjitl>! 4ifap.p<&^i:i^ Either di^rU^g convalescei\ce'or ovei* 
i 'the next ^wi^innth^. v/hercas;tgG anti-VCA titers rise 
•M-ii'- s p6sk:UteA tp^iy fciil 3liijhtly <>ver the etisaing months 
^l^^i - W«>tafcb:St<^??t4y-$l>He l«vel. The IgCj anti-EA response 
-l^s^i^ily iWj^ :?^^Sl^^y. t^stei;, and further ^than Ig<3 antir 
1^1^: • '?V^CA an4 ^iUi4;i^<?c;6me$ uud?jt$ctable or" stabilises at a 
■^iiiii^^ii-^ Virus a«^uUN|Ujeipg :antiho4ies in 

pl^i^:^^ titer:^i.6df b^tnpletiient^'depen- 

^;|.:;:4d<ixi{^^^ major-noutr^ilis^a 

. ^H;/^(^ :tV^^ si^nfi'^r-krt mS*^*??^ HftniEf WadomiJiariHv rjf TffK' 




Jifi^\ 5 |£^it^iirp- 41. liit n^mqs^ is^ ;tht5 .pattern • of -antirEBNA 
- jr^i^tiv^ti^^^^^^ Maiiy, but •not.^aU, patients in the.- acute 
W|j:;;^p^ sho^ an; IgO response to the 




|i|pci;^^,;u^ to- EBf^ 



EBNAr^is not , 
Aiitibod- 

l.-N ■ = (rtfi# L^g^^fc .$BNA1 in imniiuioblots 

^ /.':-;|.hayi: t?eik {iet;ci^^^^^^ in the ifiJvI fraction of acute IM 
?i;Mvvv-^^£^yflrivhi;^^^^ u!).^^^...ai::$ ^howgliVta bc.par.l:..of tho autoanti- 
jt body response (;s«triateT)/w(h cross-xeactivity again.^t 

X- :- - ;^^^ thO; .latent -memtettnc. proteins 

h^^not becjjL^s^isii in IM patiot)t$ and . 
^^^;;^in4^ :ar<5 .pt^^ a s^nali proportion of 

; - healthy paruoraj even using tfie most sensitive assays 

Wh^t-rob th<? humonil response plays in the overall 
[\n?;iiOOi^Wot i-f^^^ infection .remains uncertain.. 

riCilaftfiy/I^^^ components .of the 

^ir;.^^;^respom4 (grt^mm?iraly .:aril^gp35p antibodies) haye 
'^i: i < aie^:.c^padiy:'t$ 'pxevtc-i it g^.n^jra-Uzed- .spread of the virus 
fl.<i^0itfr^^.y^ ov€io-hMr<?i liiowve^v^he possibil- 
J/- 4 ity^=M jbjj^iis. tai;i;cdj:^^ the ^gA aiiti-gp350 response 
K^'^j-nmy aiet.uk{jyj^cilkate vims spread to epitliclial com- 
"^1,^. ;} piitiaix^j;tfi^^^^ d<ilay?.d. antibody response to 

ta und^^t^itand^ The. ori^nal 
' yi/eVv',;/t^^^^ ve^l^ctcci. ti:^^^^ destaictioii of 

;i. l^i<jnt!y:au'fe.ctcHJ cells in v/v^. and hence, delayed ^vail- 
|!^;:^ ^Aiiiity of hafd- to : reconcile with the 

A. ob^yatipn. thai reaper to i:BNA2, another latent 
ij."'[;.](>tot^fi, fire.^ acute diseas^ (190)^ 

L;^v.^!itj>g^|j^5.th^ p^etgji,s.tjn the IgngciMerm. Ppssi- 

p!| :r^^iii'y:i^^A^^^ •infe<;tion.jErtay -reflect th^ fact that 
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different types of latently infected cells predominate at 
these different times. 

In addition to the previously described EBV-specific 
antibody responses, the early phase of acute IM is asso- 
ciated with generally elevated levels of total serum IgM, 
IgCj, and IgA, again consistent with a virus^driven poly- 
clonal kctiyation of tlie J3-ce.ll system (185). Concomi- 
tant with this general increase is the transient appear- 
ance of a range of heterophile and autoantibodies, 
mOsUy of IgM class> which may also be products of 
virus-infected B cells (145). Of these various rcactivi-^ 
tiefi, heterophile antibodies with the capacity to aggluti- 
nate sheep and horse erythrocytes form the basis of the 
Paul-Durtneil-DaVidsohn test that, when positive, is 
diagnostic of BBV-associated IM. Not all primary EBV 
bf^etioiTis. beconie heterophile antibody-positive, how- 
ever, and thus distinguishing EBV-associated IM from 
the IM-Iike ilhiesSes caused by other agents, such as 
cyliomegalovirus or toxoplasma, requires EBV-specific 
seioiogy (185), The overall patterns of antibody 
rcsi^onses seen during; this acute and convalescent phases 
. of IM.are illustrated diagrammatically in Figure 3 rela- 
tive to the virologic events (virus shedding in the throat, 
viins-infected B cells in the blood) occurring over the 
same: time frame. 



Responses in Persistent Infection 

Healthy virus carriers are consistently IgG anti-VCA 

positive, anti-gp350 neutralizing antibody positive, and 
an.ti-EI)NAl positive; the serologic picture in convales- 
cent IM patients also gradually changes to assume this 
same profile (126,185). Titers can differ markedly 
among ixidividuals, and such differences tend to be sta- 
ble oyer time. A significant number of long-term virus 
carriers possess additional reactivities, for instance, to 
EA (most ifrequently to the R component) or to one or 

.more. of the oilier EBNA proteins, and these again are 
stably maintained, the basis for these individual differ- 

. ences is not known. Healthy individuals with anti-VCA, 
anti' EA titers at the top of the normal range are not nec- 
essarily those showing the highest levels of virus repli- 

,catioti, at least as measured by transforming virus titers 
in. throat washings (507). Because antibodies to VCA, 
EA, and EBNA target intracellular antigen complexes, 
they seem unlikely to play a major effector role in rec- 
ognisiing and removing virus -infected cells in vivo. By 
contrast, an tirMA (anti-gp350) antibodies can^bind to 
the surface of late lytically infected cells anJalso to 
virions, and they have the capacity to neutralize a broad 

.spectrum of EBV strains. Such antibodies could there- 
fore contribute to overall control of the established virus 
CEirrier state by preventing a recrudescence of viremia 
and, as discussed later, by helping to protect the immune 

' host from . superinfection Vidth further strains of orally 
transmitted vims.- 
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In the absence of inimune surveillance, Epstein-Barr virus (EBV) -infected B cells generate neoplasms in vivo 
and transformed cell lines in vitro. In an in vitro system which modeled the first steps of in vivo immune control 
over posttransplant lymphoproiiferative disease and lymphomas, our investigators previously demonstrated 
that memoiy CD4'*' T cells reactive to EBV were necessaiy and sufficient to prevent proliferation of B cells 
newly infected by EBV (S. Nikiforow et al., J. Virol. 75:3740-3752, 2001), Here, we show that three CD4*-T-cell 
clones reactive to the latent EBV antigen EBNAl also prevent the proliferation of newly infected B cells from 
m^or histocompatibility complex (MHC) class U-matched donors, a crucial first step in the transformation 
process. EBNAl-reactive T-cell clones recognized B cells as early as 4 days after EBV infection through an 
HLA-DR-restricted interaction. They secreted Thl-type and Th2-type cytokines and lysed EBV-transformed 
established lymphoblastoid cell lines via a Fas/Fas ligand-dependent mechanism. Once specifically activated, 
they also caused bystander regression and bystander killing of non-MHC-matched EBV-infected B cells. Since 
EBNAl is recognized by CD4'*" T cells from nearly all EBV-seropositive individuals and evades detection by 
CDS'*" T cells, EBNAl-reactive CD4'*' T cells may control de novo expansion of B cells following EBV infection 
in vivo. Thus, EBNAl-reactive CD4^-T-cell clones may find use as adoptive immunotherapy against EBV- 
related lymphoproiiferative disease and many other EBV-associated tumors. 



B-cell lymphomas related to Epstein-Barr virus (EBV) occur 
in patients with immune deficiencies. Immune dysregulation, 
which predisposes patients to B-cell lymphomas and EBV- 
induced B-cell lymphoproiiferative disease (LPD), may result 
from genetic abnormalities affecting lymphocytes (e.g., severe 
combined immunodeficiency, X-linked lymphoproiiferative 
disease), viral infection of T cells (e.g., human immunodefi- 
ciency virus infection and AIDS), or immunosuppressive med- 
ical treatments directed against T cells, such as FK506, cyclo- 
sporine A, corticosteroids, depletion of T cells, or OKT3 
T-cell-toxic antibodies (14, 21, 32, 62, 76). Whether lack of NK, 
of 004"*", or of CDS'*" T-cell function allows for the outgrowth 
of EBV-infected B-cell lymphomas in these individuals re- 
mains unclear. Adoptive immunotherapy with polyclonal T- 
cell lines consisting of mixtures of 004"" and CDS* cells in 
various proportions can prevent EBV-induced lymphomas and 
LPDs that occur in the settings of bone marrow and solid organ 
transplantation (23, 26, 47, 75, 80, 81, 96), 

Cytotoxic CDS"*" T cells that recognize latent EBV products, 
and perhaps lytic antigens, are likely to play a significant role in 
curtailing proliferation of EBV-transformed cells in vivo (28, 
40, 49, 68). In comparison to the large numbers of EBV- 
reactive CD8"^-T-ceIl clones which have been generated, only 
a few CD4'^ -T-cell clones which recognize EBV nuclear anti- 
gen 1 (EBNAl), EBNA2, BHRFl, and gp340 have been iso- 
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lated (8, 25, 37, 50, 67, 78, 91, 92). However, recent findings 
emphasize the importance of CD4"^ -T-cell effector function 
against EBV antigens (22, 60, 85, 94). Cytotoxic T-lymphocyte 
(CTL) lines consisting primarily of €04"*" T cells have been 
effective in immunotherapy against LPDs (59, 84). Activated 
CD4'*" T cells derived from fresh peripheral blood mononu- 
clear cells (PBMCs) can prevent outgrowth of newly infected B 
cells (57, 86). EBV-reactive CD4^-T-cell lines have been 
shown to lyse lymphoblastoid cell lines (LCLs) via various 
mechanisms. However, the antigen specificity of all but one of 
the T-cell lines used in these experiments remains unknown 
(27, 93). 

A significant proportion of memory CD4'^ T cells that rec- 
ognize autologous LCLs are directed against the EBNAl pro- 
tein (43, 55). EBNAl is expressed in every form of EBV- 
related malignancy, including posttransplant lymphomas. 
Tumors such as nasopharyngeal cell carcinoma, Hodgkin's 
lymphoma, and Burkitt's lymphoma (BL) that fail to express 
some or all of the dominant CD8'^ -T-cell latent antigens still 
express EBNAl (4, 15, 19). The EBNAl protein contains a 
glycine-alanine repeat that prevents proper processing and 
presentation thrdugh the major histocompatibility complex 
class I (MHC I) pathway. Therefore, EBNAl is poorly recog- 
nized by CD8* T cells (36, 44, 45, 56). Although CDS'" CTLs 
have been raised against portions of EBNAl, these CTLs are 
unable to exert cytotoxicity against endogenous wild-type 
EBNAl presented by LCLs (8, 9). However, several groups 
have recently cloned CD4'** T cells, some of which recognize 
EBNAl presented by LCLs and BL cells (37, 43, 61, 90). 

Our laboratory recently demonstrated that CD4^ T cells 
from healthy EBV-seropositive donors were necessary and suf- 
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TABLE L HLA typing of LCLs 

MHC class I MHC class II 
Cell line 





A 


B 


DR 


DRw 


DQ 


AB 


2, 25 


7,8 


7, 17 ' 


52, 53 


2,3 


KB 


1, 30 


7, 37 


13, 15 


51, 52 


1 


AC 


1, 29 


35, 38 


1, 13 


52 


1 


BC 


30,32 


13, 44 


4,7 


53 


2,3 


RD 


2,3 


13,51 


7,11 


52, 53 


2, 7 


LG2 


2 


27 


1 




1,5 


CM 


2,68 


7, 44 


4, 15 


51, 53 


3,6 


CP 


2,3 


60, 62 


4, 17 


52, 53 


2, 3 


PJ 


3,29 


35,44 


1, 7 


53 


1, 2 


JR 


23 


35 


1, 17 


52 


1,2 


TY 


10, 11 


27,60 


4, 15 


51 


1,7 


RPMI6666 


2,3 


7, 18 


1,5 




6 



ficient to prevent in vitro proliferation and early outgrowth of 
CD23-positive B cells newly infected by EBV (57). Several 
questions remained unanswered about the mixed CD4^ effec- 
tor cells present within the PBMC populations that limited 
B-cell proliferation. Were they directed against a specific 
EBV-encoded or -induced antigen? Was their recognition of 
infected cells mediated by MHC II presentation of viral pep- 
tides? How did they inhibit the early outgrov^h of EBV-in- 
fected B cells? The availability of clonal populations of CD4'*' 
T cells directed against EBNAl enabled us to establish the 
principle that a clonal CD4^-T-cell population directed 
against a single EBV latent antigen can mediate early regres- 
sion of infected B cells and allowed us to investigate their 
mechanism of action. 

MATERULS AND METHODS 

Cell lines. Cell lines used included the EBV-transfonned B<c\\ lines and 
EBV-positive Hodgkin^s lymphoma cell line RPMI6666 listed in Table 1. the 
EBV-negative B-Iymphoma line BJAB (39), and the EBV-positive mannoset cell 
line B95-8 (51). LCLs were generated by culturing PBMCs or CD3-depleted cells 
of healthy donors with supernatant of the B95-8 cell line in RPMI 1640 medium 
plus 10% heat-inactivated fetal bovine serum (FBS), 1 iig of cyclosporine A/ml 
or 10 nM FK506 (Fujisawa), and antibiotics. HLA haplotypes of LCLs. deter- 
mined by serotyping at the Yale Organ Transplant and Immunology Laboratoiy, 
are displayed in Table L 

Anafysis of cell surface molecules. Viable cells were isolated on a Ficoll- 
Hypaque density gradient (ICN, Irvine, Calif.). Cells were washed and resus- 
pended at 10*^ cells/ml in phosphate-buflfered saline containing 5% FBS and 
0.01% Na-azide. A mbcture of saturating concentrations of two or three diflferent 
fluorochrome-conjugated mouse monoclonal antibodies against human cell sur- 
face antigens was added for 45 min on ice. Cells were fixed in phosphate-buffered 
saline containing 1% paraformaldehyde. Antibodies included anti-CD3-fluores- 
ccin isothiocyanate (FITC), anti-CD4-phycocrythrin (PE), anti-CD8~PE, anti- 
CD8-Cychrome (Cyc), anti-CD 14-PE, anti-CD 19-PE, anti-CD 19-Cyc, anti- 
CD23-FITC, and various anti-V3 antibodies (gifts from D. Posnett, Cornell 
University, or purchased from Biosource International, Camarilla, Calif.). Iso- 
type controls for background binding of the antibody molecules were a mixture 
of polyclonal murine immunoglobulin Gl (IgGl)-FITC, IgGl-PE, and IgG2- 
Quantura Red. Antibodies were purchased from Sigma (St. Louis, Mo.), Phar- 
mingen (San Diego, Calif.), or DAKO (Carpintcria, Calif.), in the experiment 
illustrated below in Fig. 6, B-cell populations from two different donors were 
distinguished by the presence of HLA-B7 molecules on B cells from the HLA- 
DR7-negative donor and the absence of HLA-B7 molecules on B cells from the 
HLA-DR7-positive donor. The anti-HLA-B7-PE antibody was purchased from 
One Lambda (Canoga Park, Calif.). Staining was analyzed on a fluorescence- 
activated cell sorter (FACS; Becton Dickinson, Franklin Lakes, NJ.). 

Intracellular staining. Cells were stained for perforin protein, Fas ligand 
protein, or cytokines using the Cytofix/CytoPerm kit (Pharmingen) after culture 
with MHC-matched LCLs and Golgiplug containing brefeldin A (Pharmingen). 



For detection of perforin, clones were stimulated with autologous or MHC I- or 
Il-matched LCLs for 12 h. Brefeldin A (Sigraa-Aldrich, St. Louis, Mo.) was 
added for the last 9 h of culture, and fixed cells were stained with PE-conjugated 
antiperforin murine antibody or control PE-conjugated polyclonal murine IgG2b 
antibody (Pharmingen). For detection of Fas ligand, clones were stimulated with 
autologous LCLs for 18 h; brefeldin A was added for the last 12 h of culture. 
Fixed cells were stained with a murine IgG isotypc control or NOK-2 antibody 
directed against Fas ligand (Pharmingen) followed by staining with a FITC- 
conjugated antibody directed against the murine IgG constant region (Sigma), 
For detection of cytokines, cells were incubated with antibody to gamma inter- 
feron (IFN-7; 1-DlK) and biotinylated antibody to interleukin-4 (IL-4; 12.1; 
MabTech, Nacka, Sweden) followed by incubation with anti-murine IgG-FlTC 
antibody (Sigma-Aldrich) and avidin-Cyc (Pharmingen). After refixation in 1% 
paraformaldehyde, cells were analyzed by FACS. 

RPAs. LCLs were seeded at 3 X iO^^ml, and T-ccU clones were seeded at 5 X 
10^/ml in culture medium with 20 ng of phorbol myristate acetate (PMA)/ml and 
1 ^,M ionomycin (Calbiochem, San Diego, Calif.). Cells were harvested at 0, 6, 
12, or 24 h after treatment with PMA and ionomycin. Total cellular RNA was 
isolated using the Qiashredder and RNeasy minikits (Qiagen, Valencia, Calif.). 
Cytokine (hCK-1/2) or apoptosis pathway (Apo-3d/4) template sets were labeled 
with [a-^^P]dUTP (NEN, Boston, Mass.) and hybridized with sample RNA using 
Riboquant RNase protection assay (RPA) reagents (Pharmingen). After an 18-h 
hybridization, protected RNA transcripts were separated on a 19:1 acrylamide- 
bis urea gel which was dried and exposed to Kodak X-OMat AR film. 

DC preparation. PBMCs were isolated from venous blood by centrifugation at 
500 X g at room temperature over Ficoll-Hypaque lymphocyte separation me- 
dium (ICN). Positive selection for CD14^ cells was performed using murine 
anti-human CD 14 antibody-conjugated microbeads, MACS depletion ferromag- 
netic matrix columns, and a VarioMacs separating magnet (Miltenyi-Biotec, 
Auburn, Calif.). CDIA* cells were grown in RPMI 1640 and 1% human plasma 
supplemented with penicillin, streptomycin, and amphotericin B (61). Recombi- 
nant human IL-4 and granulocyte-macrophage colony-stimulating factor were 
added to culture wells on days 0, 2, and 4 to final concentrations of 500 U/ml and 
1,000 U/ml, respectively. At the time of maturation on day 6, nonadherent 
immature dendritic ceils (DCs) were transferred to new plates. Human IL-13, 
ILr6, tumor necrosis factor alpha (TNF-a) and prostaglandin E2 were added to 
each well at final concentrations of 10 ng/ml, 1,000 U/ml, 10 ng/ml, and 1 |ig/ml, 
respectively. After 48 h of culture in maturation medium, DCs were used or 
frozen. Cytokines were purchased from R&D (Minneapolis, Minn.); prostaglan- 
din E2 was purchased from Sigma. 

Presentation of EBNAl and other antigens by DCs. Antigens were introduced 
to DCs either as large proteins, small peptides, or through viral vectors. Esche- 
richia co/i-denved recombinant EBNAl (rEBNAl; amino acids [aa] 458 to 641) 
or proliferating cell nuclear antigen (PCNA) were added at a concentration of 10 
M,g/ml to DC cultures immediately prior to maturation (7, 16. 97), EBNAl- 
derived peptides IS to 20 aa in length were added at 1 to 10 ^,M to mature DCs 
in serum-free medium and incubated for 1 h at 37°C (61). In some experiments 
mature DCs were infected with a vaccinia virus containing an EBNAl construct 
lacking the glycine-alanine repeat (wEBNAlAGA) or with a control vaccinia 
virus (vvTK~) at a multiplicity of infection of 2 (9, 36, 55, 56). Other mature DCs 
were infected with influenza virus X:31, A/Aichi/68 (H3N2) (Charies River 
Laboratories, North Franklin, Conn.) at an multiplicity of infection of 0 J. Virus 
and DCs were incubated for 1 h at 37^ in RPMI without serum and extenshrely 
washed in RPMI with pooled human serum prior to cocultivation with T cells. 

Isolation and maintenance of CD4'*'-T-cell clones reactive to EBNAl and 
influenza virus. CD4"*" PBMCs were isolated from venous blood of three donors 
(BC, AC, and JB cell lines) using anti-CD4-conjugated microbeads and magnetic 
selection (Miltenyi-Biotec). BC CD4*-T-cell lines were obtained after alternat- 
ing stimulation with wEBNAlAGA-infected DCs and autologous LCLs, DCs 
and LCLs were exposed to 3,000 and 20,000 rad, respectively, of gamma radia- 
tion in a ^^'Cs irradiator (Gammacell 1000; Nordion Int. Inc., Ontario, Canada). 
Twice, the line was enriched for EBNAl -reactive CD4"^ T cells to a frequency of 
1.5% using magnetic beads which isolated IFN'-y-secreting cells (Miltenyi Bio- 
tec) (61). AC CD4'^-T-ccn lines were obtained after two rounds of exposure to 
DCs pulsed with EBNAl aa514-527 peptide. JB CD4^-T-cell lines were obtained 
by multiple rounds of stimulation with influenza virus-infected DCs and one 
enrichment via an IFN--y secretion assay. Clonal T cells were obtained by seeding 
enriched populations at 10, 1, and 0.3 cells per well with 10^ gamma-irradiated 
PBMCs (3,000 rad), 2 X 10^ gamma-irradiated LCLs (20.000 rad), 150 U of IL-2 
(Chiron, Emeryville, Calif.)/ml, and 1 ji-g of phytohemagglutinin (PHA)/ml in 
RPMI plus 8% pooled human sera (Labquip Ltd., Niagara Falls, N.Y.). Wells 
containing proliferating cells which originally were seeded with 1 or 0.3 T ceils 
were tested in split-well enzyme-linked immunospot (ELISpot) assays for antigen 
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specificity. Qoncs were expanded ftom frozen stock by cocultivation with irra- 
diated PBMCs and LCLs, lL-2, and PHA. Clones were maintained by replacing 
half of the culture medium with fresh medium containing 300 U of IL-2/mI 
weekly. Approximately every 3 to 4 weeks, BC and AC clones were restimulated 
with gamma-irradiated autologous LCLs; the JB.flulO clone was restimulated 
with autologous influenza virus- infected gamma-irradiated DCs. 

Assessing the specifici^ of EBNAl- and influenza virus-reactive CD4'*'-T-cell 
clones. The antigen specificity of BC clones was verified in ELISpot assays by 
response to DCs infected with wEBNAlAGA versus that of DCs infected with 
wTK", the vector control, and by response to DCs loaded with rEBNAl versus 
DCs loaded with PCNA. Antigen specificity of the AC clones was verified by 
their response to DCs loaded with rEBNAl versus that of DCs loaded with 
PCNA or the response to DCs loaded with EBNAl aa 514 to 527 versus that of 
DCs loaded with EBNAl aa 481 to 500 or aa 551 to 570. Antigen specificity of 
the JB clone was verified by response to DCs infected with influenza virus versus 
that of DCs infected with wTK". 

Maintenance and stimulation of an EBNA3A-reactive CDS^-T-cell clone. 
CD8"^ PBMCs were isolated from venous blood of an HLA-BS"^ donor (MS cell 
line) using anti-CD8-conjugated MACS microbeads and magnetic selection 
(Miltenyi-Biotec). A CD8*-T-ceIl line was obtained after 2 weeks of stimulation 
with autologous LCLs. The line was enriched for EBNA3A-reactive CDS* T 
cells over anti-PE MACS magnetic beads (Miltenyi-Biotec), which isolated cells 
bound to EBNA3A aa 325 to 333, HLA-B8-PEr-conjugated tetramers (1, 12). 
Qonal CDS*^ T cells were obtained by limiting dilution. Their antigen specificity 
was tested in split-well ELISpot assays. The MS.Bll clone was activated by 
exposure to HLA-B8-positive LCLs pulsed with 1 |aM FLRGRAYGL peptide 
(10, 18, 34, 52, 64). 

ELISpot assays for cytokine-secredag cells. MAHA S45 plates (Millipore, 
Bedford, Mass.) were coated with antibody to IFN-7 (1-DlK), antibody to 11^4 
(82.4), or antibody to IL-5 (TRFK5) (MabTcch) at 5 jig/ml in sodium bicarbon- 
ate buffer, pH 9.5. From 5 X 10^ to 1 X 10* T cells were added per well. Freshly 
EBV-infected or mock-inoculated B cells, EBV-transformed LCLs, or DCs 
loaded with EBNAl or control proteins were added to the T cells. Cells were 
cocultivated for 18 to 24 h in RPMI plus 5% pooled human sera, washed, and 
incubated with a biotinylated secondaiy antibody; these included antibody to 
IFN-7 (7-B6-1), antibody to IL-4 (12.1), and antibody to 11^5 (5A10) 
(MabTech). Plates were washed and incubated with a preassembled avidin- 
peroxidase complex (Vectastain ABC kit; Vector Laboratories, Burlingame, 
Calif.). Spots left by i^tokine-secreting cells were developed by addition of stable 
diaminobenzidine (Invitrogen, Carlsbad, Calif.). Spot-forming cells (SFCs) per 
well were counted using a stereomicroscope. 

Antibody blocking of MHC interactions. Anti-HLA-DR antibody L243 (42, 
61) and anti-HLA-A -B, and -C antibody w6/32 (6, 61) were isolated from 
hybridoma supernatant passed over a protein A column; the IgG fraction was 
eluted with 50 mM glycine, pH 3. The anti-HLA-DR antibody LB3.1 was a gift 
from Jordan Pober (20, 74). LCLs, or B cells 4 to 5 days after infection with EBV, 
were exposed to 25 to 100 fig of MHC-specific antibody/ml for 1 h at 3T*C prior 
to cocultivation with T cells. 

Assay for EBV-induced B-cell lymphoproliferation and T-cell control. EBV 
and mock inocula were prepared as described previously from culture superna- 
tants of the EBV-positive B95-8 cell line and the EBV-negative BJAB cell line, 
respectively (39, 51, 57). Subpopulations of PBMCs were selected as described 
previously (57). CD3-depleted populations were negatively selected using mag- 
netic beads conjugated to murine anti-human CD3 antibodies (Dynal, Lake 
Success, N.Y,). Purified B cells were isolated by two steps of negative selection: 
all CD3^ cells were removed, and then the Dynal B-cell-negative isolation kit 
was used to deplete all remaining non-B cells. CD4* T cells were positively 
selected on anti-CD4 antibody-conjugated microbeads and MACS selection col- 
umns (Miltenyi-Biotec). These selected populations and the desired concentra- 
tions of T-cell clones were then exposed to mock or EBV inoculum and cultured 
for 4 to 5 days for use in ELISpot assays or cocultivated for 16 to 18 days and 
analyzed for CD23 expression in regression assays. The number and percentage 
of CD19"^ CD23^ cells were used as markers of immune control over EBV- 
exposed B cells (3, 11, 29, 57, 87). 

Cytotoxicity assays. A total of 10^ LCLs/ml were labeled with 2.5 to 5 jig of 
calcein (Molecular Probes, Eugene, Oreg.)/ml (71, 89). Labeled targets were 
incubated from 3 to 19 h with T-cell clones In RPMI plus 10% FBS without 
phenol red. Fluorescence retained in the cell pellet was detected on a CytoFluor 
II (PerSeplive Bios7Stems, Framinghara, Mass.) with excitation at 480/25 nm and 
emission at 530/35 nm. Percent specific killing was calculated as follows: [(fluo- 
rescence maximal retention - fluorescence experimental well )/( fluorescence 
maximal retention - fluorescence minimal retention)] x 100. Maximal retention 
was determined by incubating the labeled targets alone or with MHC El-mis- 



matched influenza, virus-reactive CD4* T cells. Minimal retention was deter- 
mined by incubating targets in a lysis buffer of 50 mM sodium borate, 0.1% 
Triton X-100, pH 9. Where indicated, T<ell clones were incubated with 10 jig of 
anti-Fas ligand antibody NOK-2 (Pharmingen)/ml, 10 jiM brefeldin A (Sigma- 
Aldrich), or 100 nM concanamycin A (Fluka, Milwaukee, Wis.); LCLs were 
incubated with 250 ng of anti-Fas antibody ZB4 (Upstate Biotechnology, Lake 
Placid, N.Y,)/ml or 100 fjuM pan-caspase inhibitor zVAD-fmk (Molecular 
Probes) for 2 h at 37*C prior to mixing the targets and T cells in culture. 
Transwell cytotoxicity experiments were conducted in 24-well plates containing 
inserts with a bottom membrane containing 3-jim pores to allow exchange of 
media and soluble factors (Transwell polycarbonate membrane; Costar, Cam- 
bridge, Mass.). Calcein retention from triplicate samples was assessed for each 
set of culture wells. 



RESULTS 

CD4^-T-celI clones raised against EBNAl demonstrate a 
ThO phenotype. Our earlier experiments showed that mixed 
populations of CD4^ T cells controlled the activation and 
proliferation of B cells newly infected by EBV (57). The goal 
in the present experiments was to investigate the potential for 
CD4^'T-ceIl clones directed against a single EBV latency an- 
tigen, EBNAl, to establish immune control over the prolifer- 
ation of B cells freshly infected with EBV. The use of cloned T 
cells with a single antigen specificity ensured that cells which 
recognized EBV antigens were mediating immune regression. 

We studied the activity of two groups of CD4^ -T-cell clones: 
one group of three clones was derived from an individual (BC) 
by alternating exposure to DCs expressing wEBNAlAGA (aa 
1 to 92, aa 323 to 641) (9) and autologous LCLs; a second 
group of two clones was derived from a different individual 
(AC cell lines) by exposure to DCs pulsed with a 14-aa EBNAl 
peptide (aa 514 to 527) known to bind to HLA-DRl (37, 38). 
All five clones were CD3 positive, CD4 positive, and CDS 
negative (Fig. lA and data not shown). FACS analysis of the 
T-cell antigen receptors showed that each BC clone expressed 
a single Vp chain and that Vp usage was unique to each clone 
(BC.E112, Vp2; BQE122, Vp8j BC.E160, Vpl3.1) (61). Over 
months of repeated stimulation with MHC-matched LCLs or 
PHA, all the clones remained preferentially reactive to 
rEBNAl (amino acids 458 to 641) provided to MHC II- 
matched DCs at the time of maturation (Fig. IB and data not 
shown). 

In order to characterize any effector functions of the 
EBNAl-reactive CD4^-T-cell clones which might enable them 
to enact immune control over EBV infection, we analyzed 
their cytokine profiles. Although these clones were isolated for 
their ability to express IFN-7 in response to EBNAl, upon 
activation they expressed other Thl cytokines and varying lev- 
els of Th2-type cytokine RNA transcripts and proteins (Fig. 2 
and data not shown). Transcription of IL-2, IFN-7, TNF-a, 
TNF-P, and transforming growth factor pi, classic Thl cyto- 
kines, was up-regulated in clone BC,E112 after stimulation 
with PMA and ionomycin. However, exposure to PMA and 
ionomycin also induced transcripts for the Th2 cytokines IL-4, 
IL-5, IL-10, and IL-13 (data not shown). Upon incubation with 
autologous and MHC Il-matched targets, all BC clones se- 
creted IL-4 and IL-5 at levels detectable by ELISpot in addi- 
tion to large amounts of IFN-7. However, the pattern of cyto- 
kine production by the BC.E112 and BC.E122 clones differed 
from that of clone BCE160. In one experiment, clone 
BC.E112 yielded over 600 IFN-7-secreting cells when stimu- 
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FIG. 1. CD4'^-T-cell clones recognize EBNAl presented on MHC Il-matched DCs. (A) FAGS analysis of T-cell clones incubated with 
fluorochrome-conjugated antibodies against CD4 (left panels; thick lines), CDS (right panels; thick lines), or isotype control antibodies (thin, 
dotted lines). (B) IFN-7 secretion by a representative EC clone, BC.E122, and a representative AC clone, ACEl 16, in response to DCs loaded 
with E. co/i-derived rEBNAl (aa 458 to 641) or PCNA proteins. HLA-DR7-matched (BC.E122 panel) or autologous (AC.E116 panel) DCs were 
loaded with protein at the time of maturation and seeded in ELISpot wells. Results represent the average of triplicate samples; standard errors 
of the means are shown. 



lated with autologous LCLs, whereas only 23 BC.E112 cells 
secreted IL-4. In contrast, more than 260 cells from clone 
BC.E160 secreted IL-4 or IL-5 when stimulated with autolo- 
gous or MHC Il-matched LCLs in ELISpot assays (Fig. 2A and 
data not shown). 

By staining for intracellular cytokines, we showed that acti- 
vation with autologous LCLs led to production of IL-4 alone, 
IFN-7 alone, and IL-4 and IFN-7 together by BC.E160 cells 



(Fig. 2B). Global activation with PMA and ionomycin also 
induced many BC.E160 cells to secrete both IL-4 and IFN-7. 
As individual cells concurrently secreted Thl- and Th2-type 
cytokines, the BC.E160 clone had a ThO phenotype (24, 48, 63, 
72). IFN-7 secretion by the cloned cells was used to assess the 
MHC restriction of activity in the following experiments. 

EBNAl-reactive CD4"*'-T-cell clones recognize LCLs in an 
MHC class Il-restricted manner. A panel of LCLs was used to 
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FIG. 2. CD4^-T-cell clones raised against EBNAl express both Thl- and Th2-type cytokines. (A) Secretion of IFN-7 (solid bars), IL-4 (stippled 
bars), and 11^5 (hatched bars) by 10** BC.E112 (left panel) or BC.E160 (right panel) cells in response to 10"^ autologous LCLs in ELISpot assays. 
SFC counts represent the average of duplicate samples. (B) Intracellular staining for production of IFN-7 (FLl fluorescence) or IL-4 (FL3 
fluorescence) by the BC.E160 cells. The BCE160 clone was stimulated for 18 h with PMA and ionomycin or autologous LCLs. Plots on the left 
represent cells stained with antibody to IFN-7 alone (upper left plot, lower right quadrant) or antibody to lL-4 alone (lower left plot, upper left 
quadrant). Plots on the right represent cells stained with antibodies to both IFN-7 and ILr4 (upper right quadrants). 
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FIG. 3. EBNAl -reactive CD4'^-T-cell clones recognize MHC Il-matched LCLs. (A and B) Recognition of LCLs bearing different MHC II 
molecules by EBNAl -reactive CD4"^-T-cell clones in IFN-7 ELISpot assays; 10"* BC-E160 cells were added to lO'* LCLs from donors matched or 
mismatched for the HLA-DR4 molecule (A), or 10^ AC.E116 cells were added to 10^ LCLs or an HLA-DRl -positive Hodgkin's lymphoma 
(RPMI6666) (B). SFC counts represent the average of triplicate samples; standard errors of the means are displayed, (C and D) Effect of 
antibodies against MHC I and MHC II on IFN-7 secretion by clones incubated with MHC Il-matched LCLs in ELISpot assays. Antibodies to MHC 
I molecules (dotted lines), to MHC II molecules (solid line, open symbols), or a mixture of antibodies to MHC I and II (solid lines, filled symbols) 
were added at the indicated concentrations to LCLs and clones. LCL targets were HLA-DR4'*"/DR7~ (x's) added at 5 X 1(P per well to BC.E160 
cells (C) or HLA-DRl* (triangles) added at 5 X 10^ per well to ACE116 cells (D). SFCs represent the average of duplicate samples; data are 
representative of at least two experiments performed with each set of clones. 



identify B cells which could serve as MHC-matched targets in 
regression assays. Each of the three .clones in the BC series 
recognized the autologous LCL and LCLs expressing matched 
MHC II molecules (Fig. 3A and data not shown). Clones 
BCE112 and BC.E122 secreted IFN-7 in response to LCLs 
that expressed HLA-DR7, whereas clone BC.E160 secreted 
IFN-7 in response to LCLs that expressed HLA-DR4. The two 
clones in the AC series recognized two LCLs that expressed 
HLA-DRl but failed to recognize two other HLA-DRl-posi- 
tive cell lines, including the autologous LCL (Fig. 3B and data 
not shown). Moreover, the number of IFN-7-secreting cells 
among the AC.EU6 cells was at least 10-foid lower than the 
number reacting among the BC clones to MHC Il-matched 
LCLs, despite the addition of 10-fold more LCLs and 10-fold 
more T cells per ELISpot well. 

To explore further the role of MHC molecules in antigen 
recognition by the CD4'^ clones, we carried out blocking ex- 
periments using antibodies directed against MHC I and MHC 
II molecules. The ability of all three BC clones to recognize 
MHC Il-matched LCL targets was markedly inhibited by ad- 
dition of the L243 or LB3.1 antibodies directed against 



HLA-DR molecules (Fig. 3C and data not shown). By contrast, 
addition of w6/32 antibodies against MHC I had little inhibi- 
tory effect. The combination of antibodies to MHC I and II 
together was not significantly more inhibitory than antibodies 
to MHC II alone. Antibodies to MHC II, but not to MHC I, 
also blocked the reactivity of clone AC.E116 to an HLA-DRl- 
matched LCL (Fig. 3D). In summary, IFN-7 secretion in re- 
sponse to a panel of LCLs and the blocking effects of antibod- 
ies confirmed that the CD4'^-T-cell clones recognized antigen 
in conjunction with specific MHC II molecules, 

CD4^-T-cell clones reactive to EBNAl recognize B cells 
newly infected by EBV in an MHC Il-restricted manner. In the 
previously described experiments we explored the ability of 
CD4^-T-cell clones to recognize EBV-transformed LCLs. 
LCLs differ dramatically in surface markers, adhesion mole- 
cules, and viral protein expression from the heterogenous pop- 
ulation of B cells found in the early stages of infection by EBV 
(3, 5, 66, 88). Therefore, we investigated whether the same 
EBNAl-reactive clones that recognized LCLs also recognized 
B cells freshly infected with EBV. 

The number of IFN-7-secreting cells among the BC.E112 
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FIG, 4. EBNAl -reactive CD4*-T-cell clones secrete IFN-7 in response to B cells newly infected with EBV. (A) IFN-7 secretion in an ELISpot 
assay by a 2:1 mixture of clone BC,E112 cells and freshly EBV-infected (solid bars) or mock-inoculated (stippled bars) B cells after coculture for 
4 and 6.5 days. (B) IFN-7 secretion by clone BC.E112 and clone JB.flulO cells exposed to B cells for the 18-h duration of an ELISpot assay. The 
B cells had been cultured with EBV (solid bars) or a mock inoculum (stippled bars) for 4 days prior to exposure to the clones. Results represent 
the average of duplicate samples and are representative of at least two experiments performed on B cells from different donors. (C) IFN-7 secretion 
by clone BC.E122 in response to purified B cells cultured with EBV for 4 days, B cells were incubated with antibodies against MHC 1 or II at 100 
|jug/ml before addition of the T-cell clones. No antibody addition (solid line, filled symbols), addition of antibody to MHC I (dashed line, open 
symbols), and addition of antibody to MHC II (solid line, open symbols) are represented. 



(Fig. 4A and B) and BC.E122 (Fig. 4C and data not shown) 
clones were two to three times greater in the presence of 
EBV-infected B cells than in the presence of B cells exposed to 
a mock inoculum. Cells from clones BC,E112 and BCE122 
secreted IFN-7 in response to B cells that had been infected 
with EBV for only 4 days. This reactivity to early EBV infec- 
tion was observed when the BC.E112 clone was cocultured 
with the B cells from the time of infection (Fig. 4A) as well as 
when the B cells were infected separately for 4 days and then 
mixed with the BC.E112 clone for the 18-h duration of the 
ELISpot assay (Fig. 4B). Cells of a CD4*^-T-cell clone directed 
against influenza virus, JB.flulO, did not respond to EBV- 
infected or mock-inoculated B cells, although the clone was 
capable of secreting IFN-7 in response to influenza vims-in- 
fected DCs (Fig. 4B and data not shown). The IFN-7 response 
of the BC clones to freshly EBV-infected B cells was mediated 
primarily through MHC II molecules. In ELISpot assays, an- 
tibody to MHC II decreased the number of IFN-7-secreting 
BCE112 and BC.E122 cells much more effectively than did 
antibody to MHC I (Fig. 4C and data not shown). 

CD4'*'-T-cell clones raised against EBNAl prevent prolifer- 
ation and early outgrowth of EBV-infected CD23'*' targets de- 
rived from the autologous donor. The capacity of memory T 
cells from an EBV-seropositive donor to prevent the out- 
growth of EBV-infected cells is termed regression (41, 53, 54, 
69, 70). In previous work our group demonstrated that an early 
event in regression is the capacity of a mixed population of 
memory CD4^ T ceils to inhibit proliferation of EBV-infected 
CD23'*" B cells (57). Since CD23 synthesis is regulated by the 
EBV latent protein E;BNA2, a transcription factor essential to 



B-cell immortalization, CD23 expression correlates with trans- 
formation of B cells by EBV (3, 11, 29, 87). Depletion of CD3-^ 
T cells or CD4"^ T cells, but not of CD8"^ T cells, resulted in 
the accumulation of CD23^ B cells 10 to 21 days after EBV 
infection (57). A mixed population of CD4^ T cells isolated 
from a seropositive donor prevented the accumulation of 
CD23'^ B cells when added to CD3-depleted EBV-infected 
targets. 

The antigen specificity of these polyclonal CD4"^ T cells was 
likely to be diverse and could include a multitude of unknown 
viral and cellular targets. Therefore, we asked whether CD4'*'- 
T-cell clones reactive to EBNAl, and capable of secreting 
IFN-7 in response to newly EBV-infected B cells, would also 
enact regression. Addition of the BC.E122 (HLA-DR7-re- 
stricted) or BC.E160 (HLA-DR4-restricted) clone to CD3- 
depleted targets from the autologous donor at the time of EBV 
infection in vitro markedly diminished both the percentage and 
number of CD23'^ B cells remaining after 18 days in culture 
(Fig. 5A and B). The numbers of CD23'** B cells remaining- 
after addition of T-cell clones at a clone-to-target cell ratio of 
1:1 were similar to those remaining in the mixed PBMC cul- 
tures. Based on titration, the BC.E122 clone was slightly more 
effective than the BC.E160 clone at inducing regression. The 
capacity of the clones to enact regression decreased as fewer T 
cells were added, but significant effects on the number and 
percentage of CD23^ B cells remaining after 18 days were 
evident even at a T cell-to-target cell ratio of 1:100. 

Neither AC clone was capable of enacting regression in a 
culture of autologous EBV-infected CD3-depleted cells; how- 
ever, mixed CD4* T cells from the AC donor mediated re- 
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FIG. 5. EBNAl-reactive CD4"'-T-cell clones from donor BC reduce outgrowth of CD23"' B cells in EBV-infected cultures derived from the 
autologous donor. Shown are the percentage (A and C) and number (B) of CD23"^ B cells remaining after 16 to 18 days in culture. (A and B) Serial 
10-fold dilutions of two clones, the HLA-DR4-restricted BC.E160 (gray bars) and the HLA-DR7-restricted BC.E122 clone (stippled bars), were 
added to 10^ EBV-infected CD3-depleted PBMCs/ml from autologous donor BC cells. Hatched bars represent the outgrowth of CD3-depleted 
target cells without the addition of T-cell clones at the time of infection on day 0. White bars represent outgrowth in cultures of EBV-infected, 
autologous, mixed PBMCs. (C) AC clones fail to inhibit CD23"*' B-cell outgrowth. Equal numbers of the AC.E116 and AC.EUU clones, the 
JB.flulO clone, or mixed autologous CD4^ T cells were added to 1.5 X 10* EBV-infected CD3-depleted PBMCs/ml from donor AC cells on day 
0. The percent change which addition of T cells effected on CD23'^ B-cell outgrowth is listed to the right of the graphs as the percent regression. 
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FIG, 6. EBNAl-reactive CD4''-T-ceIi clones inhibit outgrowth of €023"" B cells in EBV-infected cultures derived from MHC Il-matched 
donors and from mismatched bystander B cells. Shown is the percentage of 0023"^ B cells remaining after 18 days in culture. (A and B) 
CD4"*'-T-cell clone BC.E112 inhibited outgrowth of EBV-infected B cells from HLA-DR7^ but not HLA-DR7" donors. Equal numbers of 
autologous mixed 004"^ cells (solid bars), clone BC.E112 cells (stippled bars), or no T cells (hatched bar) were added to 10^ EBV-infected B-cell 
targets/ml derived from HLA-DR7* or HLA-DR7~ donors on day 0. (B) Tenfold dilutions of autologous mixed CD4^ T cells (solid bars) or the 
BC.E112 clone (stippled bars) were added to 10* EBV-infected B-cell targets/ml (hatched bars) from an HLA-DR7* matched donor on day 0. 
(C) Clone BC.E160 inhibited outgrowth of EBV-infected B cells from an HLA-DR4"^ donor. Equal numbers of the HLA-DR7-restricted BCE112 
and BC.E122 clones, the HLA-DR4-restricted BCE160 clone, or the JB.flulO clone were added to 1.5 X 10*^ EBV-infected HLA-DR4'' B-cell 
targets/ml on day 0. Cultures of mwed PBMCs derived from the HLA-DR4"*^ B-cell donor and seeded at 1.5 X lOVml were cultured as well (solid 
bar). (D) Bystander inhibition of outgrowth of HLA-DR7-negative mismatched B cells. Equal numbers of the BC.E112 clone or the BC.E122 clone 
were added to .10* HLA-DR7-negative mismatched EBV-infected B cell targets/ml (solid bars) on day 0. Parallel cultures contained both 
mismatched and 10* HLA-DR7-positive matched B-cell targets/ml (hatched bare) in the presence of clone BC.E122, clone BC.EIH, or no T cells. 
Mismatched HLA-DR7-negative targets were selectively analyzed. Comparison of the hatched bars to the solid bars demonstrates the extent of 
inhibition exerted over mismatched CD23* B-cell targets due to the presence of matched HLA-DR7-positive targets. The percent change which 
addition of MHC-matched B cells eflfected on CD23* B-cell outgrowth is listed to the right of the graphs as percent bystander effect. 



gression. The AC clones had the same effect as an MHC- 
mismatched CD4^-T-ceiI clone that recognized influenza 
virus-infected cells (Fig. 5C). These results show that not all 
EBNAl-reactive CD4^-T-cell clones were competent to me- 
diate regression and that secretion of low levels of IFN-7 in 
response to autologous LCLs correlated with poor perfor- 
mance in regression assays (Fig. 3). 

EBNAl«reactive CD4'*^-T-cell clones enact regression on 
MHC n-matched, EBV-infected B-cell targets from multiple 
donors. We next investigated whether the BC clones could 
exert immune control over EBV-infected B cells from nonau- 
tologous, HLA-DR7-negative and -positive donors and from 
HLA-DR4-negative and -positive donors. Purified B cells were 
used in these experiments in order to avoid potential interac- 
tions of the CD4"^ clones with natural killer cells that might be 
present in CD3-depIeted target cell cultures. Addition of clone 
BCE112 cells to HLA-DR7-positive matched B cells from two 
different donors resulted in regression. The addition of HLA- 
DR7-restricted BC,E112 or BCE122 did not significantly im- 



pact the outgrowth of CD23"^ B cells from HLA-DR7-negative 
donors (Fig. 6A and C). Similarly, the HLA-DR4-restricted 
BC.E160 clone exerted immune control over B cells from an 
HLA-DR4-positive donor, whereas the BC.E112, BC.E122, 
and JB.flulO clones did not (Fig. 6C). 

When mixed CD4'*' T cells or clone BC.E112 was added to 
cultures at a T cell-to-B cell ratio of 1:1, the two sets of T cells 
were similar in their ability to cause regression (Fig. 6B, data 
for 10^ T cells added/mi). However, when seeded at lower cell 
numbers, the clones were approximately 10-fold more effective 
in their ability to cause regression than the mixed 004"*" pop- 
ulation: 10^ mixed CD4^ T cells/ml enacted a degree of re- 
gression similar to that seen with 10* BC.E112 cells/ml. 

EBNAl-reactive T-cell clones BC.E112 and BC.E122 enact 
"bystander" control over newly EBV-infected B cells from 
MHC n-mismatched donors. secretion (Fig. 3) and 

regression assays (Fig. 5 and 6A to C) demonstrated that only 
EBV-infected targets expressing a matched MHC II molecule 
could activate EBNAl-reactive clones. Once activated, how- 
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ever, the clones exerted their effects on targets that were not 
MHC matched (Fig. 6D). To demonstrate this phenomenon, B 
cells from an HLA-DR7-positive and an HLA-DR7-negative 
donor were exposed individually or in coculture to the HLA- 
DR7-restricted BC.E112 and BC.E122 clones. CD23 expres- 
sion within the HLA-DR7-negative mismatched B-cell popu- 
lation was selectively analyzed. The addition of HLA-DR7- 
positive matched B cells in the presence of the BC.E112 or 
BCE122 clone resulted in a 45 to 60% decrease in CD23 
expression on the mismatched B cells. This decrease was of the 
same magnitude as the 42 to 47% decrease effected by the 
BC.E112 and BC.E122 clones on the CD23 expression of 
matched B cells in this same experiment (Fig. 6D and data not 
shown). These results indicate that once the EBNAl -reactive 
CD4^ clones were activated by MHC Il-matched EBV-in- 
fected B cells, MHC-mismatched EBV-infected B cells became 
targets for bystander regression. 

EBNAl-reactive CD4^-T-ceIl clones lyse MHC H-matched 
LCLs and mismatched bystander LCLs. IFN-7 secretion by 
the EBNAl-reactive CD4^ clones in response to LCL targets 
was a marker of their ability to cause regression of newly 
EBV-infected B cells. Therefore, to elucidate potential mech- 
anisms used by the EBNAl-reactive clones to exert regression, 
we investigated whether they possessed cytolytic activity 
against LCLs. In a calcein release assay, the BC.E112 clone 
caused losses of 70 and 72% of retained fluorescence from 
autologous and HLA-DR7-matched LCLs, respectively, at an 
effector-to-target (E:T) ratio of 3:1 (Fig. 7 A and data not 
shown). The BC.E112 clone caused minimal background lysis 
of HLA-DR7-mismatched LCLs. BC.E122 and BC.E160 lysed 
MHC U-matched LCL targets with similar efficacy. The 
BC.E112 clone effected significant lysis of autologous LCLs 
during a short 5-h incubation; the other two BC clones re- 
quired 18 h of incubation with the targets before killing be- 
came evident (data not shown). 

In a phenomenon similar to that of bystander regression, the 
presence of MHC-matched targets rendered MHC-mis- 
matched LCLs susceptible to bystander lysis by EBNAl-reac- 
tive clones (2). Incubation of dye-loaded autologous LCLs with 
a mismatched LCL did not alter the efficient lysis of the au- 
tologous LCL by BC.E112 (Fig. 7B). However, such coincuba- 
tion resulted in lysis of dye-loaded mismatched LCLs that were 
not lysed when incubated with BC.E112 in the absence of the 
autologous LCL. Bystander killing of the mismatched LCL was 
less efficient than killing of the autologous LCL. At an E:T 
ratio of only 1:10, BCE112 cells released 63% of dye from . 
autologous LCLs; in contrast, BCE112 cells were required at 
an E:T ratio of 1:1 to release dye from 66% of the mismatched 
bystander LCLs. 



To investigate whether cytotoxicity could be mediated by 
soluble factors, such as IFNs or TNFs secreted into the culture 
supernatant, we performed calcein release experiments on BC 
clones and LCL targets in direct contact or on LCL targets 
separated from the activated clones by a porous membrane. 
The data displayed in Fig, 7C demonstrate lack of cytolysis in 
autologous LCL targets which were separated by a transweli 
membrane from autologous LCLs in direct contact with clone 
BC.E112. Similarly, MHC Il-mismatched LCLs, which were 
subject to bystander lysis when in direct contact with autolo- 
gous LCLs and clone BC.E112, were not lysed when they were 
separated by a membrane from activated T-cell cultures (Fig. 
7D). 

EBNAl-reactive CD4'^-T-ceIl clones do not use perforin to 
lyse LCLs. Classic mechanisms of contact-dependent T-cell- 
induced death include release of preformed vacuolar gran- 
zymes and perforin into an intracellular space and up-regula- 
tion on the cell surface of molecules like Fas ligand and TNF- 
related apoptosis-inducing ligand (TRAIL) (35, 58, 77, 82). 
These two effector pathways can be differentiated by the se- 
lective action of concanamycin A and brefeldin A (31, 33, 46, 
79). Incubation with concanamycin A, which raises the pH in 
intracellular vacuoles and inactivates perforin, did not inhibit 
the killing of autologous LCU by the BC.E112 or BC.E160 
clone (Fig. 8A). In contrast, exposure of the clones to brefeldin 
A, which prevents progression of newly synthesized proteins 
through the Golgi apparatus, completely blocked the clones' 
ability to lyse autologous LCLs. Using the MS.Bll CD8'^-T- 
cell clone specific for EBNA3A, we verified that concanamycin 
A, but not brefeldin A, inhibited classical CDS ^-T-cell per- 
forin-mediated killing of an antigen-loaded LCL in a 3-h cal- 
cein retention assay (Fig. SB). 

The inability of concanamycin A to inhibit the lytic activity 
of the CD4"*' clones correlated with their lack of perforin 
mRNA and protein. As detected by RPA, PMA and ionomycin 
up-regulated transcripts for granzymes A, B, and H but did not 
up-regulate perforin mRNA in the BC.E112 clone (data not 
shown). Similarly, antibodies that detected perforin in antigen- 
stimulated CD8^-T-cell clone MS.Bll did not bind more av- 
idly than an isotype control antibody to LCL-stimulated CD4'*' 
BC T-cell clones (Fig. 8C and data not shown). 

Fas and Fas ligand contribute to lysis of LCLs by EBNAl- 
reactive CD4'^ -T-cell clones. The inhibition of killing by addi- 
tion of brefeldinA or by physical separation behind a mem- 
brane suggested that the CD4'^-T-ceIl clones employed a cell 
surface protein such as Fas ligand to effect LCL death. By 
RPA, we demonstrated that treatment of clone BC.E112 with 
PMA and ionomycin induced Fas ligand mRNA (Fig. 9A). Fas 
ligand protein was also up-regulated in the BC clones after 



FIG. 7. EBNAl-reactive CD4'*^ -T-cell clones are cytotoxic following direct contact with MHC Il-matched LCLs and with mismatched bystander 
LCLs. (A) Retention of calcein dye in MHC Il-matched and -mismatched LCLs exposed for 19 h to each of three BC clones, LCL targets were 
HLA-DR4~/DR7^ (soHd line, squares) or HLA-DR4'*"/DR7~ (dashed Une, x*s). (B) Retention of calcein dye 18 h after addition of the BC.E112 
clone to autologous LCLs (solid line, squares), MHC-mismatched HLA-DR7~ LCLs (solid lines, x's), or a combination of autologous and 
mismatched LCLs (dotted line, filled squares). In cultures where LCLs were combined, only the HLA-DR7~ mismatched LCLs were labeled with 
calcein and analyzed. (C) Cytotoxicity measured by retention of calcein dye by autologous LCLs after 18 h of direct contact with the BC.E112 clone 
(solid bars) or by autologous LCLs separated from the same BC.El 12-LCL cocultures by a porous membrane (hatched bars). (D) Cytotoxicity 
against autologous LCLs (solid bars) or against bystander MHC Il-mismatched LCLs (stippled bars) after 18 h of direct contact with clone 
BC.E112 or against the same mismatched LCLs separated from BC.El 12-autoIogous LCL cultures by a porous membrane (hatched bar). 
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FIG. 8. EBNAl-reactive CD4'*^-T-cell clones do not utilize perforin to induce cytolysis of LCLs. (A) Cytotoxicity against autologous (solid bars) 
or MHC Il-mismatched (stippled bars) LCL targets after 18 h in culture with BC.E112 or BC.E160 cells at a 1:1 ratio. Prior to exposure to IXLs, 
clones were incubated with concanamycin A (ConcanA), brefeldin A (BrfdA), or culture medium alone (none). (B) Loss of calcein dye by MHC 
I-matched LCL targets with (solid bars) or without (stippled bars) addition of EBNA3A antigenic peptide after 3 h in culture with MS.Bll 
CD8*^-T-cell clones at a 1:1 ratio. (C) Intracellular staining with antibody to perforin. BC EBNAl-reactive CD4'^ clones were stimulated with 
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incubation with PMA and ionomycin or with MHC Il-matched 
LCLs (Fig. 9B and data not shown). In addition, the BCE112 
T-cell clone and the autologous LCL constitutively expressed 
Fas transcripts (Fig. 9A). All the CD4'*'-T-cell clones and tar- 
get LCLs expressed Fas protein on their surface (data not 
shown). Incubation with the ZB4 neutralizing antibody, which 
binds Fas and blocks binding of Fas ligand, prevented loss of 
calcein fluorescence when the autologous LCL was exposed to 
either the BC.E112 or the BCE160 clone (Fig. 9C and data not 
shown). Exposure of T cells to the NOK-2 antibody against Fas 
ligand also inhibited killing, particularly by the BC.E160 clone. 
Combination of the NOK-2 and ZB4 antibodies completely 
prevented lysis of MHC-matched LCLs and of bystander 
MHC-mismatched LCLs incubated in the presence of matched 



targets. In contrast, lysis of antigen-loaded LCLs by the CD8"^ 
MS.Bll clone was minimally inhibited by a combination of 
NOK-2 and ZB4 antibodies (Fig. 9D). Preincubation of the 
LCLs with the pan-caspase inhibitor zVAD-fmk also elimi- 
nated lysis by the BC CD4'*'-T-cell clones (13, 30) (Fig. 9C). 
Thus, the CD4* BC T-cell clones utilized Fas-Fas ligand in- 
teractions and not soluble factors or perforin to induce apo- 
ptosis in matched LCLs and mismatched bystander LCLs. 

DISCUSSION 

We extensively characterized a set of three CD4"^ -T-cell 
clones reactive to EBNAl that inhibit the activation and early 
outgrowth of human B lymphocytes following infection in vitro 
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FIG. 9. EBNAl-reactive CIW^^-T-cell clones express Fas ligand (FasL) when activated and induce cytolysis of LCLs via a Fas and FasL 
interaction. (A) RPA performed at the indicated times after stimulation of the BC.E112 clone or autologous LCLs with PMA and ionomycin. 
Relevant transcripts are indicated by arrows. L32 represents a housekeeping gene. (B) Intracellular staining with NOK-2 antibody to Fas ligand 
expressed by the BC clones after stimulation with autologous LCL (solid lines). Staining with an isotype control antibody and the secondary 
FITC-conjugated anti-murine IgG antibody is shown by the dotted lines. (C) Loss of intracellular calcein dye by autologous LCLs (solid bars) or 
MHC Il-mismatched (stippled bare) LCL targets alone after 18 h in culture with BC.E1 12 clones (E:T ratio of 2:1) or BC.E160 clones (E:T ratio 
of 1:1). The panel entitled "BC.E160 bystander" compares killing of autologous LCLs (solid bare), MHC Il-mismatched LCLs (stippled bare), and 
MHC Il-mismatched LCLs in the presence of autologous LCLs (hatched bars). (D) Loss of calcein dye by MHC I-matched, antigen-loaded (solid 
bare) or nonloaded (stippled bare) LCLs after 3 h in culture with CD8'^-T-cell clone MS.Bl 1 at an E:T ratio of 1:1. In panels C and D, T cells and 
LCLs were incubated with culture medium (none), the NOK-2 antibody to Fas Ligand, the ZB4 neutralizing antibody to Fas, a combination of 
both antibodies (NOK-2/ZB4), or the pan-caspase inhibitor zVAD-fmk. 



with EBV. These results contribute to the growing list of an- 
tiviral activities mediated by 004"^ T cells and establish the 
principle that 004"^ T cells directed against one viral protein 
are competent to mediate early immune control over EBV- 
induced B-cell outgrowth. The clones are qrtotoxic to autolo- 
gous and MHC Il-matched lymphoblastoid cells. Cytotoxicity 
requires cell-to-cell contact and is mediated by Fas/Fas ligand 
interactions. In both regression and cytotoxicity assays, the 
CD4*-T-cell clones exerted bystander effects in which MHC 



Il-mismatched B-cell targets were inhibited from outgrowth or 
lysed, but only in the presence of MHC U-matched B-cell 
targets. Cytotoxic CD4"^ T cells directed against EBNAl may 
assume a role in T-cell immunoprophylaxis or immunotherapy 
of B-cell LPDs. They are of particular importance since 
EBNAl is expressed in every EBV-associated malignancy and 
is not well recognized by CDB"^ T cells (8, 37, 68). 

Characterization of cytotoxic CD4'*^ -T-cell clones reactive to 
EBNAl. Three CD4'*^-T-cell clones were isolated from a single 
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individual (BC line) by virtue of their capacity to secrete IFN'-y 
following alternate exposure to autologous DCs infected with 
a vaccinia virus vector expressing EBNAl and autologous 
EBV-transformed lymphoblastoid cells. The published litera- 
ture contains contradictions as to whether Thl or Th2 cyto- 
kines dominate the responses of mixed CD4^ T cells to 
EBNAl (7, 61, 83). Our novel finding is that BC clones ex- 
pressed cytokines of both Thl (IFN-7) and Th2 (IL-4, IL-5, 
IL-10, and IL-13) types following application of T-cell activa- 
tion stimuli (Fig. 2). BC.E160 secreted large amounts of IL-4 
and IL-5, whereas the cytokine responses of BC.E112 and 
BCE122 were skewed toward Thl-type cytokines. Since the 
BC.E160 clone expressed both Thl and Th2 cytokines in the 
same cell, it can be classified as ThO. All three clones caused 
regression and cytolysis to the same extent (Fig. 5 to 9). Nei- 
ther of these functional effects could be reproduced by CD4"^- 
T-cell clones separated from targets by membrane filters. 
Therefore, while cytokine expression reflects the differentia- 
tion and activation state of the clones and helps to classify 
them, the secreted cytokines themselves are not likely to be 
essential effector mechanisms. 

Inhibition of proliferation of EBV-infected B cells by CD4^- 
T-cell clones reactive to EBNAl. The capacity of the clones to 
exert regression was assessed with our newly developed tech- 
niques which measure early outgrowth of CD23-positive B cells 
(57, 60). The number and percentage of CD23'^ B cells have 
been shown to correlate with the number of EBNA-positive, 
EBV-infected cells detected by immunofluorescence in cul- 
tures maintained for 2 weeks after exposure in vitro to EBV, 
Cell-mediated immunity as measured by early outgrowth of 
CD23'*" B cells and immunity measured by longer-term out- 
growth assays both exhibit a dependence on T cells, a sensitiv- 
ity to immunosuppressive drugs, a dependence on initial cell 
density, and a lack of dependence on macrophages (57, 69). 
Classical outgrowth assays have always emphasized the role of 
CD8^ T cells (41). However, by assaying for CD23^ B-cell 
outgrowth at 2 to 3 weeks after infection, we elucidated a role 
for CD4'*" T cells in immune control over EBV (57). Therefore, 
we chose to measure CD23"*' B-cell percentages to investigate 
the effector functions of CD4^ T cells reactive to EBNAl. 

When added to freshly infected B cells, even at a ratio of 1 
T cell to 100 B-cell targets, the three BC clones markedly 
reduced the outgrowth of CD23^ B cells (Fig. 5 and 6). The 
specificity of regression mediated by the CD4^ -T-cell clones 
was established in several ways: (i) at early times after infec- 
tion, three- to fourfold more clones responded to EBV-in- 
fected B cells by secretion of IFN-7 than reacted to mock- 
infected B cells (Fig. 4). (ii) CD4'^-T-cell clones matched for 
MHC II enacted regression, whereas those mismatched for 
MHC II did not (Fig, 6A and C). (iii) A CD4-'-T-cell clone 
raised to a non-EBV antigen, i.e., proteins from influenza 
virus, did not react to EBV-infected B cells (Fig. 4B), nor did 
it inhibit outgrowth of CD23'^ B cells following EBV infection 
(Fig. 6C). 

At an E:T ratio of 1:1, mixed CD4"*' T cells were slightly 
more efficient inhibitors of B-cell proliferation than were the 
CD4'^ -T-cell clones (Fig. 6A and B). However, the BC.E112 
clone markedly inhibited B-cell proliferation at an E:T ratio of 
1:10, whereas the mbced cells were effective only at an E:T ratio 
of 1:1. Thus, the clonal population was 10-fold more active 



than autologous mixed CD4^ T ceils. Since the number of 
EBV antigen-specific T cells present in the mixed CD4"*'-T-cell 
population is likely to be significantly lower than in the clonal 
population, their somewhat greater activity at high E:T ratios 
suggests three hypotheses that need to be explored in future 
experiments: (i) The mixed population is likely to include 
CD4'** T cells that recognize EBV antigens other than EBNAL 
The other antigens may provide stronger stimulation, (ii) The 
mixed CD4'*' -T-cell population may include cells, reactive to 
EBNAl or other EBV antigens, with very-high-affinity T-cell 
antigen receptors. These high-affinity T cells may not have 
been cloned, (iii) The EBV-specific mixed CD4"*"-T-cell pop- 
ulation may employ more-potent effector mechanisms or may 
expand more rapidly to control B-cell outgrowth than do the 
clones. 

Cytotoxic activity of EBNAl-reactive clones. A number of 
mechanisms could account for the capacity of the BC clones to 
inhibit proliferation of CD23^ B cells following EBV infection. 
These include down-regulation of CD23 from the surface of B 
cells, noncyto toxic inhibition of proliferation of EBV-infected 
CD23'^ B cells, and B-cell lysis during virus reactivation and 
release, as well as classical lysis (17). Modes of lysis employed 
by various EBV-specific CD4'^ T cells include release of per- 
forin and granzymes, granulysin release, and up-regulation of 
surface Fas ligand and TRAIL molecules (85, 86, 93, 94). The 
ability of brefeldin A to block cytotoxicity by the BC clones, the 
expression of Fas ligand on the surface of activated clones and 
Fas on target cells, and the neutralizing effect of antibodies to 
Fas and Fas ligand all support the hypothesis that the mecha- 
nism of cytotoxicity of the BC clones was apoptosis initiated by 
Fas and Fas ligand interactions. 

Our experiments appear to exclude contributions to cytolytic 
activity of BC clones by several mechanisms other than Fas and 
Fas ligand interactions. Cytotoxicity mediated by a perforin- 
granzyme mechanism was excluded by showing that concana- 
mycin A, an inhibitor of vacuolar proton pumps which leads to 
perforin degradation, did not block cytotoxicity of the BC 
clones towards MHC Il-matched target cells (Fig. 8A) (33). 
Moreover, the CD4'^ -T-cell clones did not express perforin 
protein upon activation, whereas a cytotoxic CDS "^-T-cell 
clone did (Fig. 8C). Cytotoxicity did not appear to be mediated 
by a soluble cytokine. Transfer of supernatants from mbced 
cultures of CD4'*" -T-cell clones and matched LCLs to a fresh 
LCL did not transfer lytic activity (data not shown). LCL cells 
separated by a membrane from mixtures of CD4"^ -T-cell 
clones and activating LCLs were not lysed (Fig. 7 and 9). Since 
our data demonstrate that the clones are cytotoxic to LCL 
through Fas and Fas ligand interactions, it seems likely that a 
similar mechanism is responsible for their activity in the re- 
gression assay against freshly EBV-infected B cells. 

Bystander effect. We suggest a plausible mechanism for the 
bystander effect seen in early regression and cytotoxicity assays. 
A T-celi clone activated by encounter with an MHC II- 
matched target up-regulates Fas ligand on its surface. Upon 
interaction with a susceptible mismatched cell that expresses 
Fas, the T-cell clone would be cytotoxic. The physical interac- 
tion of an activated clone with a mismatched target would be 
less likely to occur, and the interaction would not be aug- 
mented or sustained by cognate interactions between the T-cell 
antigen receptor and MHC II loaded with antigenic peptide. 
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Therefore, bystander cytotoxic effects would be less efl&cient 
than MHC Il-matched interactions. This model gains support 
from our experimental observations that antibodies to Fas and 
Fas iigand also inhibit the bystander reaction (Fig. 9C). More- 
over, bystander cytotoxicity effects also required cell-to-cell 
contact: MHC Il-mismatched LCL cells separated by a mem- 
brane from a mixture of CD4'*"-T-celi clones and MHC II- 
matched LCLs were not lysed. 

Some EBNAl-reactive CD4'*'-T-cell clones do not mediate 
regression. CD4^-T-cell clones are often generated by expo- 
sure to EBNAI peptides (37, 43). We studied two EBNAl- 
reactive CD4'^-T-cell clones derived from a single individual 
(AC line) by exposure to autologous DCs pulsed with an 
EBNAI peptide (aa 514 to 527) that was known to be pre- 
sented by the HLA-DRl molecule (37), The AC clones could 
not mediate regression; their lack of activity in the regression 
assay was similar to a CD4'^-T-cell clone directed against in- 
fluenza virus (Fig. 5C). Although the AC clones secreted co- 
pious amounts of IFN-7 in response to autologous DCs loaded 
with recombinant EBNAI protein (Fig. IB), their response to 
MHC Il-matched LCLs was 300 times weaker than that of BC 
clones exposed to comparable targets. Remarkably, the AC 
clones failed to secrete IFN-7 when exposed to the autologous 
LCL (Fig. 3A and data not shown). These results suggest that 
CD4"^-T-ceII clones, such as AC, that do not secrete cytokines 
in response to the autologous LCL are not likely to inhibit 
outgrowth of freshly infected B cells. 

Further work is needed to explore reasons for the dramatic 
differences in behavior between the BC and AC clones. One 
explanation is that the EBNAI peptide (aa 514 to 527) antigen 
recognized by the AC clones was not efficiently generated or 
presented by MHC II molecules on LCL. The poor, or even 
absent, response of the AC clones to MHC Il-matched LCL is 
consistent with this explanation. Another related explanation 
may lie in the relatively low affinity of the T-cell antigen re- 
ceptor on the AC clones. The T-cell receptor affinity may be 
low for any HLA-DRl molecule containing the EBNAI aa 514 
to 527 peptide, even MHC complexes loaded exogenously, or 
only for the HLA-DRl/EBNAl aa 514 to 527 complex which is 
selected by intracellular processing of EBNAI (65). Support 
for these hypotheses stems from our preliminary experiments 
indicating that the AC.E116 clone secreted IFN-7 and lysed 
autologous LCLs after they were pulsed with large amounts of 
the EBNAI aa 514 to 527 peptide (data not shown). 

The AC clones were derived by exposure to high levels of 
peptide loaded on the surface of DCs, whereas the BC clones 
were selected for their response to more physiologic levels of 
EBNAI antigen presented by vaccinia virus-infected DCs and 
by LCLs. The second method of generation may lead to iso- 
lation of clones with higher-affinity T-cell antigen receptors. In 
studies of CDS*^ T cells reactive to melanoma antigens, sorting 
for populations that exhibit high levels of tetramer binding has 
proven useful for isolation of cytotoxic CDS "^-T-cell clones 
(95). Such a T-cell receptor affinity selection step or exposure 
to targets with physiological levels of antigen, such as LCLs, 
may be necessary to raise clones capable of preventing EBV- 
induced B-cell outgrowth. Our findings suggest that heteroge- 
neity exists in the antigen affinity of polyclonal EBNAI -reac- 
tive CD4^ -T-cell populations. This heterogeneity could result 
from T-cell priming in vivo by an antigen-presenting cell other 



than an LCL or EBV-infected B cell. High- or low-affinity 
clones may be preferentially expanded, depending on the stim- 
ulation conditions. 

Potential clinical applications of EBNAl-reactive CD4**'-T- 
cell clones. Progression to transformation and establishment of 
immortal EBV-positive cell lines in vitro correlates with ex- 
pansion of CDIS"*^ B cells; similarly, the progression to EBV- 
associated LPD is characterized by infection of new B-cell 
targets and malignant expansion of the CD23'*' -B-cell popula- 
tion. An EBNAl-reactive CD4'^ -T-cell clone, which has been 
shown by in vitro experiments such as we describe to be com- 
petent to prevent early outgrowth of CD23t B cells newly 
infected with EBV (Fig. 5 and 6), may prove useful in prevent- 
ing CD23^ EBV^ B-cell lymphomas in vivo. A panel of such 
CD4'*' -T-cell clones might be raised to recognize EBNAI pre- 
sented on different MHC II molecules. The appropriate 
CD4'*' -T-cell clone could be administered to patients with the 
corresponding MHC II allele. In the instance of donor lym- 
phomas arising in recipients of allogeneic T-cell-depleted bone 
marrow or stem cell transplants, the CD4^ -T-cell clone would 
be matched to the donor. In the case of posttransplant LPD 
(PTLD) arising following solid organ transplantation, the 
^4"^ -T-cell clone would be matched to the recipient (23, 47). 
This strategy might be more efficient than the current, time- 
intensive approach of adoptive immunoprophylaxis and ther- 
apy of PTLD, which involves raising LCLs and subsequently 
polyclonal EBV-reactive T-cell lines for each individual. 

When CD4^-T-cell clones directed against EBNAI are used 
clinically, it will be essential to determine whether the by- 
stander cytotoxicity that these clones exhibit in vitro will have 
beneficial or harmful effects. As shown in Fig. 7, clones which 
had been activated by EBNAl-expressing MHC Il-matched 
targets exerted cytotoxic effects in vitro against targets that 
were in direct contact with the T cells but were not MHC 11 
matched. Clones would be activated in vivo by EBV-positive, 
EBNAl-expressing cells. Bystander activi^ might augment 
control over other cells in the immediate area, which might 
contribute to lymphoma tumor burden. For example, B cells 
within the lymphoma population which present EBNAI anti- 
gen inefficiently but are stimulated to express Fas upon EBV 
infection would be subject to bystander killing even if those 
cells alone would not have stimulated T-cell activity. On the 
other hand, bystander reactions may be a potential source of 
unwanted toxicity by the clones, particularly if the T cells 
remain activated even after they have migrated away from the 
EBV-infected tumor cells which provided the initial stimulus. 

The approach of using well-characterized T-cell clones in 
immunotherapy and immunoprophylaxis need not be limited 
to CD4'^ -T-cell clones directed against EBNAI. T cells reac- 
tive towards many viral antigens are primed during primary 
infection and likely help prevent the development of EBV- 
associated malignancies in healthy carriers. EBNAl-reactive 
clones might be given in combination with CD4'^ -T-cell clones 
directed against EBNA2, LMP2a, or lytic cycle antigens, such 
as BHRFl (60, 85, 88, 92). These could be mbced with cytotoxic 
CDS"^ -T-cell clones specific for the immunodominant 
EBNA3A, EBNA3C, or LMP2 proteins. Such comprehensive 
immunotherapy would not be limited to LPDs but might be 
applied to other EBV malignancies, such as Hodgkin's disease 
and BL (61, 73). 
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Since EBNAl is the only viral protein consistently expressed 
in all forms of viral infection and is not well recognized by 
CDS"^ T cells, the potential contribution of EBNAl-reactive 
CD4'*'-T-cell clones to adoptive immunotherapy regimens 
against PTLD and many EBV-associated tumors merits fur- 
ther investigation. 
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